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Abstract
In this work, ferricyanide-doped polyaniline (PANI) is electropolymerized by constant
current and cyclic voltammetry (CV) measurements with simultaneous monitoring of mass
changes using electrochemical quartz crystal microbalance (eQCM). Raman spectroscopy,
Fourier transform infrared spectroscopy and CV measurements confirm the incorporation of
the ferricyanide into the film and indicate modified electrical conductivity. UV-Vis
absorbance spectroscopy and Raman spectroscopy confirm the conducting ‘emeraldine-salt’
state and confirm the presence of polarons, i.e. charge carriers.
The addition of ferricyanide during electropolymerization of the PANI film results in
an increase of polymerization rate as confirmed using eQCM. A decrease in counter ion
ingress/egress and an inverted mass transport behavior is observed during simultaneous CV
and eQCM measurements in background electrolyte, suggesting a cation-exchange
mechanism for maintaining charge neutrality during oxidation of the polymer. To our
knowledge, cation exchanging PANI films, as synthesized here, have not been previously
reported.
Additionally, the relationship between the identity and charge of the added transition
metal complexes, the polymerization rate, and the film properties are studied by addition of
potassium hexacyanoruthenate(II), FeCl3 and RuCl3 to the polymerization solution. The
presence of potassium hexacyanoruthenate(II) enhances the polymerization rate and alters the
electrochemical behavior, much like ferricyanide, while FeCl3 and RuCl3 do not induce such
an effect.

1.

Electrochemistry
The field of electrochemistry is built on the relationships between electric fields,

electron transfer, and chemical change. Electrical current can be harnessed from spontaneous
chemical reactions as is the case in galvanic cells, or electrical current can be applied to carry
out chemical (and physical) change as it occurs in electrolytic cells. The applications and
technologies based on electrochemical devices and principles are numerous and include
batteries, solar cells, blood glucose meters, electroplating, water purification and many more.

1.1. History
While the origins of electrochemistry date back nearly as far as chemistry itself,
electrochemistry as we know it now was not introduced until the end of the 18 th century. At
this time, the Italian physician Luigi Galvani wrote about the connection between electricity
and contraction in muscles. Using copper and zinc electrodes to touch different parts of a
frog’s leg, Galvani reported an intrinsic “animal electricity” which resulted in muscle
contraction. This introduced the first electrochemical circuit, described in his essay ‘De
Viribus Electricitatis in Motu Musculari Commentarius’.1 While Galvani’s theory about the
origin of the contraction would turn out to be incorrect, Alessandro Volta would soon follow
Galvanni’s discovery with his own discovery of the electrochemical series and ultimately the
first galvanic cell.2
From there on the field of electrochemical research expanded. For instance, in the
early 19th century, hydrogen was electrochemically separated from oxygen, which marked the
first electrochemically balanced Equation (I).3
2 𝐻2 𝑂 (𝑙 ) → 𝑂2 (𝑔) + 4 𝐻 + + 4𝑒 −

(I)

Also, around this time, noble metals like platinum were for the first time successfully
purified. This opened many new possibilities to study electrochemical reactions in detail.
Electrochemical measurements also played a role in confirming Dalton’s atomic theory, the
discovery of the electron, and elucidation of molecular weights, therefore positioning itself as
a vital field in the development of chemistry. 4

1

1.2. Electrochemical cells and kinetics

Figure 1: Schematics of (a) a Galvanic cell and (b) an electrolytic cell.5

The two types of electrochemical cells are shown in Figure 1. Each consists of two
electrodes, where separate half-cell reactions occur. The electrons transferred from the
oxidized species flow through the external circuit to the other electrode, where the reduction
reaction occurs. In both cells, the electrode where oxidation takes place is called the anode,
while the electrode where reduction takes place is called the cathode. The sign of the charge
on each electrode differs depending on the type of cell. In the Galvanic cell, the electrical
current flows due to a spontaneous redox reaction. In this cell, the positively charged
electrode is the cathode, since reduction of the species in solution results in a loss of electrons
from the electrode. Likewise, since oxidation occurs at the anode, electrons move into the
electrode resulting in a negative charge. Whereas a Galvanic cell spontaneously produces
electricity (e.g. batteries), the electrolytic cell uses an external power supplied to force the
reaction, and therefore the current, in a desired direction. Electrolytic cells provide a means
of controlling electrochemical reactions occurring in the cell and form the basis for many
electrochemical techniques.
Many modern electrochemical techniques require the use of a 3-electrode cell, as
shown in Figure 2. For this type of cell, the reaction of interest occurs at the working
electrode. However, the working electrode can act as a cathode or anode depending on the
applied potential or applied current. The counter, or auxiliary, electrode completes the circuit,
i.e. if reduction occurs at the working electrode, oxidation must occur at the counter
electrode. The third electrode in Figure 2 is the reference electrode, which acts as a stable

2

reference from which potentials to the working electrode are measured or applied. No current
flows through the reference electrode.

Figure 2: Modern electrochemical setup with reference, counter and working electrode: (a) Internal reference
wire, (b) salt bridge and (c) electrolyte solution.

A reference electrode consists of an electrode immersed in an internal electrolyte
solution where a known reversible, stable, and reproducible half reaction occurs. A salt
bridge connects the internal reference solution and electrode to the external solution,
providing electrical contact with the solution while minimizing mixing, which would slowly
change the composition inside the reference electrode and, therefore, the potential. A variety
of possible reference electrodes can be used, for example the standard hydrogen electrode
(SHE, potential defined as E = 0 V), the copper-copper (II) electrode (E = +0.194 V vs. SHE)
and the silver/silver chloride electrode, which will be used in this research. The silver/silver
chloride reference electrode consists of the following half-cell reaction (II):
𝐴𝑔𝐶𝑙 (𝑠) ⇌ 𝐴𝑔+ + 𝐶𝑙 −

(II)

Therefore, the internal solution is an aqueous KCl solution. The potential of a silver
chloride reference electrode depends on the concentration of KCl. For a saturated KCl
solution, the potential is +0.197 V vs SHE. Lowering the concentration of KCl leads to a
higher potential change relative to SHE. For example, seawater shows a potential of +0.266
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V.6 The relationship between equilibrium cell potential and concentrations is given by the
Nernst equation. The Nernst equation for a full cell (two half-cells) is shown in Equation (1).
∅
𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
−

𝑅𝑇
ln 𝑄𝑟
𝑧𝐹

(1)

Where 𝑬∅𝒄𝒆𝒍𝒍 is the standard cell potential, R the universal gas constant (8.314 J ∙ K-1 ∙
mol-1), T the temperature in Kelvin, z the number of electrons transferred per reaction, F the
Faraday’s constant (96485 C ∙ mol-1) and Qr the reaction quotient of the overall redox
reaction occurring in the cell.

1.3. Electrode Processes
Figure 3 shows the processes that can occur during an electrochemical experiment.
Oxidized species (O) and reduced species (R) of a redox couple are present and are related by
the redox reaction shown in reaction (III).
𝑂 + 𝑛𝑒 ⇄ 𝑅

(III)

All of the processes shown in Figure 3 effect the electrochemical behavior and must
be considered when designing an electrochemical experiment or analyzing the resulting data.
The mass transfer of the electroactive species from the bulk solution to the electrode surface
typically sets a limit on the rate of oxidation or reduction and therefore limits the overall
current. Coupled chemical reactions that occur before and/or after the electrochemical
oxidation or reduction at the surface also influence the electrochemical behavior and can lead
to irreversibility of the redox reaction. Coupled electrochemical and chemical reactions can
also be harnessed in productive ways, for instance in oxidative electropolymerization
reactions, such as those used in this work. The last factor of major influence are surface
processes such as adsorption, desorption or crystallization on the electrode surface.7
This figure shows three different regions. The first is the ‘bulk solution’, which is not
close enough to the electrode to be affected by the processes occurring there. There are no
concentration gradients in the bulk solution and no electric fields. When moving closer to the
electrode, the second region is the electrode surface region where the composition of the
solution is altered. For instance, there will be an excess of cations near a negatively charged
electrode surface. Directly adjacent to the electrode is the region where electron transfer
occurs, as well as adsorption of molecules or ions from solution. An applied potential induces
4

an increase or decrease in electron transfer, reorganization of ions in the electrode surface
area, known as capacitive charging, and reorientation of absorbed species.

Figure 3: Processes occurring at the electrode-solution interface, with O oxidized species and R reduced
species.8

Looking closer at the solution-electrode surface region, the composition of the
solution near the electrode can be broken down into three layers: The Inner Helmholtz, Outer
Helmholtz, and Diffuse layers. Overall, the separation of charge across the electrode and
electrolyte is known as the double-layer, and was first described by Hermann von Helmholtz
in “Ueber einige Gesetze der Vertheilung elektrischer Ströme in körperlichen Leitern, mit
Anwendung auf die thierisch‐elektrischen Versuche” (“About some laws of the distribution
of electrical currents in physical conductors with applications to animal-electric
experiments”).9 Charged electrodes repel ions with similar charge while attracting ions with
opposite charge – thus maintaining charge neutrality across the interfacial region. While the
electrical charge in the metallic electrode resides on the surface, a balance of electrostatic
forces and thermal energy results in a finite thickness of compensating charges in the solution
adjacent to the electrode.
Figure 4 shows the three regions comprising the electrochemical double-layer. The
Inner Helmholtz Plane (IHP) is defined as the distance between the electrode surface and the
center of charged particles directly absorbed to the electrode. Due to their close proximity to
the surface, these particles are tightly absorbed. Beyond the Inner Helmholtz plane are
solvated ions weakly absorbed to the electrode, as shown in the enlargement in Figure 4. The
distance between the center of these ions and the electrode surface is called the Outer
Helmholtz Plane (OHP). Beyond this region is The Diffuse Layer, where there is an excess of
5

charge, but these ions are not bound to the electrode. All species present in the
electrochemical double-layer are ultimately responsible for the capacitance of the electrode,
which effects the rate of electrochemical reactions.

Figure 4: Structure of the electrochemical double-layer.

1.4. Electrochemical techniques
Investigation of electrochemical behavior is possible by analyzing a species using one
or more techniques. Most of these techniques ultimately consist of changing the current (or
potential) of the working electrode while measuring the resulting change in the potential (or
current). The many ways in which the potential or current can be is changed, i.e. the different
waveforms applied, lead to the many electrochemical techniques available. Each one has
certain advantages for studying types of processes or systems. In this chapter cyclic
voltammetry, chronopotentiometry and chronoamperometry will be discussed.
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1.4.1. Cyclic Voltammetry
Cyclic voltammetry (CV) is an electrochemical technique in which the potential is
scanned linearly from an initial to a final potential, at a chosen scan rate, while the current is
measured. Using CV, the redox potential, as well as kinetic and even mechanistic details
about a reaction, can be obtained. An example of the potential waveform used for CV is
shown in Figure 5. During the first half of the first cycle the potential increases and the
analyte is oxidized (blue). During the second half of a cycle (green), the potential decreases
and the analyte is reduced.

Figure 5: Example of a CV potential waveform (4 cycles). Initial potential (red dot), Oxidation parts (blue),
switching potential (purple dot) and reduction parts (green).

Figure 6 shows the cyclic voltammograms ferri/ferrocyanide at various scan rates. The
redox reaction occurring at the working electrode is shown in reaction (IV)
4−
−
𝐹𝑒(𝐶𝑁)3−
6 + 𝑒 ⇌ 𝐹𝑒(𝐶𝑁)6

(IV)

As the potential is scanned in the positive direction from the initial potential of -200 mV, the
oxidation of 𝐹𝑒(𝐶𝑁)4−
6 begins around +200 mV, resulting in an anodic current. As the
applied potential continues to increase, the rate of the oxidation increases as well, leading to
an increase in current until around +250 mV. Beyond this potential, the 𝐹𝑒(𝐶𝑁)4−
6 at the
electrode surface has been depleted. Further oxidation requires mass transport of 𝐹𝑒(𝐶𝑁)4−
6
from the bulk of the solution, which is slow. This causes the current to decrease and
eventually plateau at the so-called diffusion-limited current at high potential. In this region,
the current no longer depends on the applied potential. The direction of the scanning potential
7

reverses at +800 mV, causing the 𝐹𝑒(𝐶𝑁)3−
6 formed during the forward scan to be reduced
starting around +300 mV. Again, this cathodic current increases with decreasing potential,
reaches a maximum, and then decreases to the diffusion limited current.

Figure 6: Ferri-/Ferrocyanide CV at different scan rates. Potential scanned vs Ag/AgCl reference electrode.10

A change in scan rate changes the shape of the CV as shown in Figure 6. Higher scan
rates cause the cathodic peaks to shift more positive and the anodic peaks to shift more
negative, leading to a larger separation of peak potentials. The peak currents also increase
with increasing scan rate. The relation between the peak separation between the anodic (Epa)
and cathodic (Epc) peaks, ΔEp, can be used for evaluating the reversibility of the
electrochemical reaction, which will depend on the kinetics of the reaction itself, the
cleanliness of the electrode surface, and the presence of coupled electrochemical-chemical
reactions. The theoretical peak separation for a reversible redox reaction is given by applying
Equation (2), where R is the gas constant, T the temperature, n the amount of electrons and F
the Faraday constant.11
∆𝐸𝑝 = 2.3

𝑅𝑇
𝑛𝐹

(2)

In the example shown in Figure 6, the electrochemical reaction is a one-electron
transfer and carried out under standard conditions (at 25° Celsius). This should result in a
peak separation of 59 mV, as long as the electrode is clean and the scan rate is sufficiently
low. At higher scan rates, even a fast reversible redox reaction will have difficulty keeping up
with the fast changes in potential, leading to peak separations larger than given by equation
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(2). Typically, scan rates should be kept below 100 mV. The peak currents in CV
measurements can be calculated using the Randles-Sevcik Equation (3).
𝑖𝑝 = 268,600𝑛

3⁄
1
1
2 𝐴𝐷 ⁄2 𝐶𝜈 ⁄2

(3)

This equation gives the dependence of peak current (ip) on the electrons transferred
(n), the electrode surface area (A), the diffusion coefficient of the species involved (D), the
concentration of the species (C) and the scan rate (v), assuming a 25 °C temperature and 1
atm of pressure. This equation can be used to determine the concentration of a species in
solution, the surface area of an electrode, or the diffusion coefficient.

1.4.2. Chronopotentiometry
Chronopotentiometry is an electrochemical technique in which a constant current is applied
to the working electrode and the potential is measured against a reference electrode as a
function of time. Initially, the applied current causes a sudden change in the potential of the
working electrode inducing polarization of the electrode surface as ions redistribute to
compensate the charge on the electrode. This so-called charging current can only sustain
itself for a brief period of time before the potential reaches a value at which oxidation or
reduction of electroactive species occurs. Over time, the electroactive species is depleted,
requiring the potential to increase even more to maintain the required current. Figure 7 shows
chronopotentiometric deposition of polyaniline (PANI) (green) from aniline monomer at a
constant current of 0.01265 mA. Initially, the potential increases rapidly, while the doublelayer charges, until it reaches a value high enough to oxidize the aniline monomers at the

Figure 7: Constant current deposition PANI (green, 800 s) and PANI-K3[Fe(CN)6] (orange, 1400 s). (0.1 M
aniline in 2M HBF4 with 2.5 mM K3[Fe(CN)6]), both at 0.01265 mA.
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electrode surface. As the resulting radical cations react in solution to form dimers and
oligomers (i.e. a coupled electrochemical-chemical reaction occurs), the potential decreases
to a steady state value. Addition of ferricyanide to the polymerization solution alters the E-t
curve, presumably due to the lower oxidation potential of the ferricyanide versus that of
aniline, which allows the potential to plateau more quickly.
To reach the specific potential to oxidize aniline monomers, the potential must be
≥0.7 V (vs Ag/AgCl). Faraday’s Law of electrolysis (Equation (4)) can be used to calculate
the number of molecules oxidized or reduced.
𝑛=

𝐼𝑡
𝐹𝑧

(4)

In the equation, n is the amount of substance (number of moles) oxidized or reduced,
I is the current, t the time, F is Faraday’s constant and z is the number electrons per redox
reaction. Polymerization of PANI and the addition of ferricyanide will be described more
thoroughly in Chapter 2.

1.4.3. Chronoamperometry
Chronopotentiometry is an electrochemical technique where a constant potential is
applied to the working electrode and the resulting current is measured against a reference
electrode as a function of time. This technique provides insight into the behavior and
properties of the electrolyzed species, such as association of ligands, kinetics of a reaction,
diffusion processes and adsorption. Applying an initial potential (E1), where no redox
reaction occurs, and then stepping to a sufficiently higher or lower potential (E2) causes the
redox reaction to occur and faradaic current to flow. The Cottrell equation (Equation (5))
provides the relationship between the change in current in time.

𝐼 = 𝑛𝐹𝐴𝑐0 √

𝐷𝑗
𝜋𝑡

(5)

In Equation (5), i is the current, n the number of electrons, F the Faraday constant, A
the area of the planar electrode, 𝑪𝟎𝒋 the initial concentration of reducible analyte and Dj the
diffusion constant for species j. The Cottrell equation can be used for the determination of the
concentration near the electrode surface over time and derivations from the Cottrell equation
can be used for the determination of ligand association/dissociation or changes in geometry.
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1.5. Gravimetric Analysis
Thickness-Shear-Mode (TSM) resonators, also known as Quartz Crystal
Microbalances (QCM), are piezoelectric crystals vibrating as harmonic oscillators at their
resonance frequency. There are different ways to measure mass changes with QCM, but for
the purpose of this work only liquid QCM measurements coupled to electrochemical
measurements will be described. These measurements can be used for a wide variety of
purposes. Some examples are the determination of the affinity of molecules to a surface,
investigations of the addition of molecular layers through adsorption, insight into structural
changes occurring during a chemical reaction or interaction, degradation of materials
(polymers), rigidity measurements by water addition, binding of DNA strands, crosslinking,
viscoelasticity, and polymer growth and behavior.12-18 The reliability of QCM measurements
is influenced by many factors: excessive mass loading, which is often seen when the mass
increases by more than 40% of the crystal, change of mechanical properties of the selective
layer, stress by electrode and crystal, conductivity change of the liquid, and porosity of the
deposited material.19-20 These limitations can be understood, and avoided, by looking into the
theory behind QCM measurements. The theory will also provide the equations necessary to
convert frequency changes to mass changes.

1.5.1. Theory
The use of quartz crystals enables the possibility of measuring a change in mass by
monitoring the crystal frequency during QCM measurements. When an electrode on the
crystal (typically gold) is used as the working electrode during an electrochemical
experiment, the mass changes associated with electrodeposition, stripping (removal of
material from the electrode), or absorption can be monitored simultaneously with the
electrochemical measurement, i.e. the current or potential. This extension of QCM is known
as electrochemical quartz crystal microbalance (eQCM). Depositing a film on top of the
quartz crystal increases the total thickness of material, thus increasing the vibrational
wavelength (Figure 8). This wavelength represents the shear-mode oscillations of the crystal.
The frequency, F, directly relates to the shear velocity, 𝒗, and the wavelength, λ through
Equation (6).
𝐹=

𝑣
𝜆

(6)
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Figure 8: Vibrations waves in Quartz crystal (a) and Quartz crystal thickened by film (b), increased λ is due to
increased film thickness (adapted from Janata).21

The shear velocity is the shear stress rewritten in units of velocity. Shear stress is the
stress in a material when reshaping it without changing the surface area. Using the frequency
from (6) in the Sauerbrey Equation (7), enables the possibility of obtaining the change in
mass from the change in frequency.22
𝛥𝐹 = −

2𝐹02
𝛥𝑚
𝐴√𝜌𝑞 𝜇𝑞

(7)

The fundamental resonance frequency of the crystal (F0), the piezo electrically active area
(A), density of quartz (ρq), and the shear modulus of the crystal (μq) all determine the
sensitivity.
Limitations of this equation are that the deposited substance must be uniformly
distributed as a thin film over the crystal surface and behave as a rigid film, and the
experimental resistivity of the film must stay lower than the calculated value. Approximately,
the added mass cannot exceed 2% of the crystal’s resonance frequency to stay within these
limitations. Above 2%, the elasticity of the substance on the crystal becomes larger making
the Sauerbrey unreliable. In this case, the Z-match method can be used to determine the
change in mass, as shown in Equation 8.23
𝛥𝑚 𝑁𝑞 𝜌𝑞
𝑓𝑈 − 𝑓𝐿
)]
=
tan−1 [𝑍tan (𝜋
𝐴
𝜋𝑍𝑓𝐿
𝐹𝑈
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(8)

New values in this equation are the frequency constant for an AT-cut quartz crystal
(Nq), frequency of unloaded crystal (fL), frequency of unloaded crystal (fU) and the Z-factor.
Equation (9) shows the relationship of the density and shear modulus of the crystal divided
by those of the film material.

𝑍=√

𝜌𝑞 𝜇𝑞
𝜌𝑓 𝜇𝑓

(9)

This relationship gives an indication of the acoustic impedance of the film. Equation (8) and
Equation (9) combined are generally a good match to calculate the frequency changes from
two to 40 percent mass loading.19 However, this method is still limited to rigid. Additionally,
measurements carried out in solution may introduce additional errors due to viscosity effects
as the films oscillates.

1.5.2. eQCM setup
Figure 9 shows a typical QCM crystal, the crystal is circular with a thin metal
electrode (gold or platinum, usually) deposited on either side. The crystals used are AT-cut,
the most widely used type of crystal in eQCM measurements. An AT-cut quartz disc-shaped
crystal is a crystal that is cut off in a 35-degree angle in reference to the y-axis of the quartz

Figure 9: Quartz crystal for QCM measurements, (a) top and (b) 3D-view.

crystal. Different angles give different strengths and flexibilities to the crystal. AT-cut is an
optimal quartz crystal structure due to temperature stability, drive level sensitivity,
availability and cost: all of these factors make the AT-cut crystal the best option for QCM
measurements at room temperature and in a temperature range of -55 °C to 125 °C.24 Also,
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these crystals are able to resonate within a range of 0.5 to 300 MHz, which makes them
perfectly suitable for the 5-10 MHz application of most QCM devices.
The experimental setup of an eQCM measurement contains many aspects and is of
high importance for successfully measuring the change in frequency for an electrochemical
reaction. Figure 10 shows the electrochemical schematic for measuring the frequency of a
quartz crystal, while using electrochemical techniques to change/measure potential or current
in the system.

Figure 10: Electrochemical setup for eQCM measurements (modified from Qingui et al.).25

A typical 3-electrode set-up is shown with a counter electrode, reference electrode,
and the top electrode on the QCM as the working electrode. The oscillator connects to both
the top and bottom electrode of the QCM and measures the resonance frequency of the
quartz. The potentiostat also connects to the reference and counter electrode, as well as to the
top part of the crystal: the working electrode, where the reaction of interest happens. This
setup makes it possible to measure the mass difference in situ.

1.6. Spectroscopic analysis
The polymers electrodeposited in this work were characterized using various
spectroscopic methods, including Fourier transform infrared absorption (FT-IR), Raman
scattering (FT-Raman), Ultraviolet-visible absorption (UV-Vis), and atomic absorption (AA).
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1.6.1. FT-IR
Fourier-transform infrared spectroscopy (FT-IR) is a technique that measures the
absorption of electromagnetic radiation in the IR region of the spectrum by molecules,
resulting in transitions between vibrational levels of the molecules. Molecules are active for
FT-IR measurements if there is a change in dipole moment for the vibration. Water cannot be
used as a solvent for these measurements due to its intense absorption. FT-IR spectroscopy
uses monochromatic light to irradiate the sample. Changing the wavelength of this light over
a range of wavelengths provides the full interferogram, which transforms into an IR spectrum
by Fourier transformation. Figure 11 shows the general setup for FT-IR measurements.
Monochromatic light is sent towards a moving (a) and a fixed mirror (b), causing a single
wavelength to irradiate the sample. This single wavelength then hits the sample before being
measured by an IR-sensor. In 1887 Michelson et al. showed the principle behind the
possibilities of combining beams by splitting of the beam towards two mirrors to obtain their
combined amplitudes.26 Nowadays these systems are known as Michelson interferometers.
This technique can be used to identity the presence of functional groups and molecule
interactions.

1.6.2. FT-Raman
Raman spectroscopy also measures the vibrational energies within the molecule. A
laser is directed at the sample causing reflection, transmission, absorption and scattering of
the light by interaction with the molecule (Figure 12). With Raman, the scattering of light is

Figure 11: FT-IR setup with (a) moving mirror, (b) beam splitter and (c) fixed mirror. The grey arrow is the
monochromatic light.
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of interest, in contrast to FT-IR, which measures absorption. Because of this, Raman has a
different section rule than FT-IR: the molecules must have a permanent dipole moment.
Benefits of this technique are the ability to use water as a solvent, however at higher laser
powers this can still lead to sample heating.

Figure 12: Possible outcomes of laser irradiation of a sample

When light is scattered off the molecule, there are three possible outcomes: the energy
of the scattered light is the same as the excitation laser (elastic scattering or Rayleigh
scattering), greater that the excitation (anti-Stokes), or less than the excitation (Stokes shift)
(Figure 13). For Raman measurements, information about vibrational states is obtained in
from the inelastic scattering of light.

Figure 13: Raman scattering, resulting in scattered light with higher, lower and the same energy as the incident
light.27

When the laser interacts with the molecule, the molecule is excited to a higher
‘virtual’ energy state. When the molecule relaxes back to its ground electronic ground state, a
photon is emitted. As outlined above, the energy of this photon can be larger than the laser
energy (E > E0), smaller than the laser energy (E < E0), or exactly even to the laser energy (E
16

= E0). The probability of Stokes and anti-Stokes emission are only 0.000001%.28 The
dominant process is the Rayleigh scattered light.29 Figure 14 shows all three different
possible excitations: Figure 14a shows the Raleigh scattering (E = E0), Figure 14b shows the
Stokes shift (E < E0), and Figure 14c shows the anti-Stokes shift (E > E0). Essentially, after
scattering, the molecule can relax to a lower or higher vibrational state than the molecule was
in before interaction with the photon.

Figure 14: Excitation of photons in Raman scattering.27

Figure 15 shows a general setup for a FT-Raman measurement with a NIR laser, as
used in this work. From the NIR laser, a beam (grey arrow) heads towards the sample, where

Figure 15: FT-Raman measurement setup with (a) dichroic mirror, (b) moving mirror, (c) fixed mirror and (d)
beam splitter. The grey arrow is the initial laser at 1064 nm, the green arrow the Raleigh scattering, red and
blue arrows are the Stokes- and anti-Stokes scattering. (edited from Zhiqun et al.)30

a lens focusses the laser on a specific area of the sample. The scattered light consists of three
different types as explained earlier in Figure 14 and all light reflects towards a dichroic
mirror. This mirror filters out the Rayleigh scattered light while the Stokes- and anti-Stokes
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scattered light reflects towards the detector. Before these photons are measured, the scattered
light reflects towards a moving and solid mirror, as is used in FT-IR.

1.6.3. UV-Vis
Ultraviolet-visible spectroscopy (UV-Vis) measures the absorption ultraviolet-visible
light by liquid, gas and solid substances. The color of the sample directly relates to absorption
and/or reflection of the species. This theory is based on the ability of molecules to absorb
energy by exciting electrons to higher energy states. The law of Lambert-Beer (10) defines
the relationship between the absorbance and the concentration of species.
𝐴=𝜀∙𝑏∙𝑐

(10)

The measured absorbance (A) depends on the molar absorptivity (ε), the path length
(b) and the analyte concentration (c). Figure 16 shows a general setup for UV-Vis
measurements.

Figure 16: General setup for UV-Vis measurements with (a) wavelength filter and (b) beam splitter.

The light source typically consists of a deuterium (D2) and tungsten (W) lamp. A D2lamp can emit from 190 nm – 370 nm, while a W-lamp emits from 320 nm – 1100 nm.
Switching from one lamp to another is controlled by the computer interface automatically
somewhere between 320 nm and 370 nm. Figure 16 also shows a reference cell, which is
needed as a zero measurement. The photodiode array or other photodetector measures the
intensity of the light that passes through both reference (I0) and sample cuvette (I).
Transmittance is also expressed as the ratio of I/I0 and directly relates to the absorbance
through Equation (11).
𝐴 = − log (

%𝑇
)
100%
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(11)

UV-Vis can be used to determine the concentration and extinction coefficient of a sample,
and can be used for characterization of electronic energy levels based on the shape of the
absorption spectrum and the location of absorption maxima.
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2.

Conducting polymers
A polymer is a repeating chain of small molecules (monomers) covalently bound into

one large molecule. Many different shapes of polymers are possible, e.g. linear, branched or
cross-linked. Polymers can be used for various applications because of their tunable
properties. Well-known examples of polymers include biological polymers, such as DNA and
proteins, and synthetic polymers such as plastics. In this work polymers with special
electrical characteristics, the so-called intrinsically conducting polymers, will be of main
interest.
The field of the electroactive polymers (EAPs) can be divided into three types: redox
polymers, loaded ionomers, and intrinsically conducting polymers (ICPs). Most interesting
are the ICPs, because they consist of an organic material that conducts electricity. This
conductivity causes the ICPs to have metallic or semiconducting behavior. This behavior is
obtained by the addition of defects, also known as dopants, into the polymer matrix. These
dopants are typically oxidizing or reducing agents which can be incorporated
electrochemically or chemically.

2.1. History of Conducting Polymers
In 1962, Pople et al. predicted the existence of conducting polymers. They introduced
the concept of ‘solitons’ in polyacetylene, which are mobile defects in organic materials. The
authors suggested that mobile and charged solitons could result in highly conducting –
nonmetallic– materials.31 One year later, D.E. Weiss experimentally showed high
conductivity in polypyrrole.32 Little et al. increased the interest in conducting polymers with
his theoretical studies showing the possibility of synthesizing an organic superconductor. 33 In
1968, De Surville first described the possibility of conducting behavior in polyaniline
(PANI). Almost ten years later, it was discovered that these conducting polymers become
highly conducting when exposed to oxidizing and reducing agents.34 In 1980, aniline was
polymerized by cycling electrochemically from -0.2 V to 0.8 V.35 Since then a number of
other organic polymers were found to have electrical conductivity: polyacetylene,
polyparaphenylene, polypyrrole and PANI (and variations on these), shown in Table 1.
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Table 1: Names and structures of some conducting polymers, maximum conductivities in (Ω-1cm-1).36

Polymer

Structure

Conductivity

Polyacetylene

200-1000

Polyparaphenylene

500

Polypyrrole

40-200

PANI (4% HBr doped)37

2.2 ∙ 106

2.2. PANI
PANI is an electrically conducting polymer of high interest for applications in the
field of electrochromic displays, organic electronics, and chemical and biological sensing.
Conducting polymers have advantages over traditional inorganic materials: example include
low-cost, ease of fabrication, and chemical and electronic tunability. For sensing applications,
potential advantages also include enhanced stability, fast response times, high sensitivity, and
specificity towards desired analytes. For these reasons, PANI is one of the most studied
conducting polymers.38-41 It can be synthesized both chemically and electrochemically
resulting in polymer solutions (owing to its high solubility), thin films, fibers, and numerous
tailored nanostructured materials.42 PANI exists in three oxidation states in both protonated
and deprotonated forms, resulting in a range of conductivities and colors.

2.2.1. Polymerization
Oxidation of the aniline monomer results in synthesis of PANI polymers. This
polymerization process consists of three steps: initiation, propagation and termination.
Oxidation of the aniline monomer results in the formation of a reactive radical cation.
Oxidation of the monomer can be carried out electrochemically by applying a sufficiently
positive potential, or chemically via an oxidizing agent, such as copper dichloride.43 The
resulting aniline radical cation is shown in the resonance structure below (Scheme 1).
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Scheme 1: Initiation of aniline polymerization and resonance structure of the radical aniline monomer.

During the propagation step, the cation radical monomers react with other monomers
resulting in the growth of the polymer chain. If the radical monomer keeps reacting with
aniline monomers, the radical passes on to the next end of the chain. This regenerates an
active site, which reacts with another monomer resulting in continued chain growth. The
unpaired electron on the nitrogen from aniline monomer 1 (in Scheme 2) will react with one
of the electrons from the benzene ring on aniline monomer 2, creating a bond between the
para-position of the benzene ring from monomer 2 and the nitrogen from monomer 1.
Formation of this bond leads to a radical electron in the benzene ring of monomer 2, which
will move through the ring forming a double bond between the nitrogen and the benzene ring
in monomer 2 (Scheme 2).

Scheme 2: Second step in aniline polymerization: Propagation

The last step of polymerization is the termination step, where the polymer reacts with
another radical aniline monomer and the reaction stops. In Scheme 3, one radical monomer
reacts with another radical monomer, which has a different resonance structure as described
in Scheme 1. When two radicals react, a bond forms but no radical electrons move through
the benzene ring, causing a deactivation of the polymer.

Scheme 3: Termination of polymer growth
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2.2.2. Structure
PANI is composed of aniline monomers, linked head-to-tail by either a single or a
double bond. The ratio of single to double bonds, or in other words the ratio of quinoid to
benzenoid rings, is a function of the oxidation state of the polymer and the extent of
protonation. Different oxidation states display profound differences in structure, optical
properties, and electrical conductivity. Scheme 4, left-hand side, shows the four-ring repeat
unit of unprotonated PANI in each of the three different oxidation states. The fully reduced
leucoemeraldine base (LB) (Scheme 4a) has only amine nitrogens and all benzenoid rings. In
the half-oxidized emeraldine base (EB), one benzene ring has been replaced with a
cyclohexa-1,4-diene (quinoid), resulting in two adjacent imine nitrogens (Scheme 4b). The
fully oxidized pernigraniline base (PB) (Scheme 4c) has two benzenoid rings and two quinoid
rings connected by imine nitrogens. Each of these states can be protonated in acidic media,
resulting in the salt forms. The protonated salt forms are shown on the right side of Scheme 4.
Note that the extent of protonation, and therefore the structure, will depend on the pH of the
solution in contact with the PANI film. These structural differences give rise to different
molecular vibrations, resulting in distinct FT-IR and Raman spectra. Indeed, FT-IR and
Raman are routinely utilized to determine the oxidation state of PANI. For example, FT-IR
studies of PANI exposed to strong acids (i.e. the ‘salt’ form) show peaks around 1140 cm-1
and 1578 cm-1 (Quinoid), 1300 cm-1 (aromatic amine), 1500 cm-1 (benzene).44 UV-Vis
absorption can also be used to probe the differences in oxidation state.
When PANI undergoes oxidation, the resulting positive charges on the polymer
backbone must be compensated by loss of protons, gain of counter ions (anions), or a
combination of both. For example, when PANI changes from the leucoemeraldine salt to the
emeraldine salt (Scheme 4d to e), the polymer loses its positive charge and therefore the
anions that compensate this charge must leave to maintain charge neutrality, or as is shown in
Scheme 4, protons may be lost, thus maintaining charge neutrality. Note that counter ions are
not shown in Scheme 4. Menardo et al. have studied the pKa’s of PANI by NaOH titration.45
The pKa values for the amine and imine nitrogens were found to be 2.5 and 5.5, respectively.
To dope both these groups, a strong acid (pKa < 2.5) is needed. It has been shown that when
an acid with the pKa between 2.5 and 5.5 is used, only the imine group will be protonated.41
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Scheme 4: Different PANI polymers: leucoemeraldine base (a), emeraldine base (b), pernigraniline base (c),
leucoemeraldine salt (d), emeraldine salt (e) and pernigraniline salt (f).

The color of the polymer varies with the oxidation state and protonation level. Since
quinoid absorbs at a higher wavelength, the polymers with more quinoid groups will show up
as a blue color. In addition, a benzenoid absorbs at a lower wavelength, giving rise to a more
yellow color. Table 2 lists the colors of each PANI state and Figure 17 shows the UV-Vis
spectra of the PANI emeraldine salt states. The green color observed for the emeraldine salt
form is a consequence of the polaron formation and the contaminant changes to the electronic
bands, as will be discussed below.
Table 2: PANI state, their colors and their abbreviation.

PANI state

Abbreviation

Color

(a)

Leucoemeraldine base

LB

Yellow (clear)

(b)

Emeraldine base

EB

Blue

(c)

Pernigraniline base

PB

Blue-violet

(d)

Leucoemeraldine salt

LS

Yellow (clear)

(e)

Emeraldine salt

ES

Green

(f)

Pernigraniline salt

PS

Blue-Violet

The changes in color can be studied using UV-Vis absorption techniques. For the
PANI emeraldine salt/base conversion the UV-Vis spectrum is shown in Figure 17. An
increase in absorbance shows at ~600 nm for the EB, which corresponds to a bluer EB state
(red is absorbed, causes a blue color). As well, a decrease shows at ~400 nm, which
corresponds to the absorption of (ultra)-violet colors, giving rise to a more yellow/green
polymer color for the ES-state of PANI.
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Figure 17: UV-Vis of PANI in the emeraldine base (a) and emeraldine salt (b) state.46

2.3. Polaron
In general, a polaron is a ‘quasiparticle’ used to understand the behavior of electrons
and atoms in solid-state chemistry, including polymer chemistry. A polaron has a magnetic
momentum and spin quantum number of 𝑠 = ½. From a chemist perspective, a polaron can
be described as a resonance stabilized radical cation. These radical cations typically form
during oxidation of the conducting polymer. Delocalization of these radical cations over a
number of repeat units in the polymer chain induces conductivity due to their mobility in the
film and are classified as solitons, polarons, bipolarons or polaron lattices.

2.3.1. Conductivity
Conducting polymers show similarities to each other (see chapter 2.1); common are
aromatic rings and double bonds, which allow radical cations to be stabilized. Table 1 also
shows the conductivity of PANI, which is a different magnitude than the other conducting
polymers. The conductivity of PANI is close to the conductivity of metals, for example, the
conductivity of copper (at 20 °C) is 5.96 ∙ 107 S/m, which is only about a factor 70 higher
than doped PANI; the ES is the only highly conducting species of aniline and the
conductivity is ~0.1 ∙ 107 S/m. Although this number is lower than the conductivity of
copper, it is still in the highly conductive range and the difference between these numbers can
be explained by the complexity of the surface of PANI making it harder for electrons to move
through the material. Comparison of ES with EB shows that the conductivity of the EB is
multiple magnitudes lower with a value of ~1.2 ∙ 10-6 S/cm.47 The change within PANI from
EB towards ES increases the conductivity; however going to more acidic conditions is not
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always beneficial for the conductivity. Studies have shown that the best electrical
conductivity is at a pH of 4.2, at this pH the highest current density was measured at a value
of 0.3 mA/cm2.48 In order to understand electrical conductivity in conducting polymers, the
effect of doping and the creation of the charge carriers must be understood, as discussed in
the next section.

2.3.2. Localized Energy levels
Organic molecules show an increase in energy when ionized, as shown in Figure 18.
The ionization energy consists of separate parts. First, the vertical ionization energy (E IP-v) is
the energy needed to ionize a molecule from its ground state. After ionization, the molecule
can relax by an amount Erel to the most stable geometry of the ionized state. Alternately, the
molecule may distort in the ground state and then become ionized. The ionization energy of
the distorted molecule (EIP-d) is the energy needed to ionize the distorted molecule. The
ground state finds its lowest possible energy by releasing the so-called distortion energy
(Edis). These processes are shown in Figure 18.

Figure 18: Ground- and ionized state of a molecular ionization process. Showing EIP-V (vertical ionization
energy), Erel (relaxation energy), EIP-d (Ionization energy of distorted molecule) and Edis (distortion energy).36

This ionization process can happen in either way: via vertical ionization and
subsequent relaxation, or via distortion of the molecule followed by ionization of the
distorted state. When the electron is removed, from the highest occupied molecular orbital
(HOMO), the energy levels for the orbitals change: the HOMO level shifts up in energy and
the LUMO shifts down creating the so-called polaron states in the band-gap. This change is
visualized in Figure 19: Figure 19a shows the energy levels for a molecule in its ground state,
while Figure 19b shows the ionized molecule.
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Figure 19: Energy level change in organic molecules after ionization showing polarons states in the bandgap.36

The upwards shift of the HOMO (and downwards shift of the LUMO) due to the
ionization is described as Δ𝜀. From inspection of figures 4 and 5, Δ𝜀 is equal to the vertical
ionization energy minus the distorted ionization energy: EIP-v – EIP-d (see Figure 18). It is
favorable for the molecule to undergo this change in structure, and thus form a stable polaron,
when the relaxation energy plus the dissociation energy are larger than the dissociation
energy (Erel + Edis > Edis), which is equal to a relaxation energy larger than zero (E rel > 0).
When inorganic semiconductors, like silicon are ionized, the loss of an electron from
the HOMO level results in the formation of a hole on the HOMO level. Because of the rigid
structure of the silicon, there is negligible relaxation energy and no polaron formation.
However, in an organic polymer chains it can be beneficial to stabilize the charge because of
the possibility for the polymer chain geometry to relax after ionization. This relaxation is
achieved via charge delocalization and resonance. This relaxation induces a change in energy
levels, when this change in energy level (Δ𝜀) is larger than the distortion energy a polaron is
obtained. In other words, polarons are localized electronic states in the band gap. Quantum
mechanical calculations (using Valence Effective Hamiltonians) predict the presence of
polarons (as well as bipolarons and polaron lattice) (Figure 20).49
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Figure 20: Calculated VEH band structure data for 50% proton-doped PANI: a) bipolaron and b) polaron
lattice. Inside both figures: a: highest occupied band, a’: first unoccupied band, b’,b,c: lower defect bands, x,x’:
higher defect bands. The y-axis shows the energy (atomic units), x-axis shows the interatomic distance (k).49

Polarons are mobile and charged, leading to electrical conductivity, and in some
cases, in pure and crystalline structures, metallic properties with delocalization of the positive
charge on the chain.36

2.3.3. Polarons in PANI
In PANI, a polaron is a 𝜋-radical-cation, which partially delocalizes over several
polymer segments. The formation of the polaron in PANI is unique among all the known
conducting polymers in that it is the outcome of protonation of the nitrogens in the EB state
of the polymer. High levels of protonation lead to the formation of bipolarons. These
bipolarons are 𝜋-bi-cation (with no spin), which are also mobile. Both polarons and
bipolarons act as charge carriers in PANI and have been isolated and studied by Zhang et al.50
Also other polymers, such as polyene show conductive properties, which are accounted to the
presence of bipolarons.51 The electronic transitions of polarons and bipolarons between the
valance band and polaronic levels occur around 2.7 eV for isolated polarons and 3.2 eV for
bipolarons, both in PANI. Thus, UV-Vis absorption measurements can be used to confirm
polaron and bipolaron formation.
As mentioned above, polaron formation in PANI is unique because it is the result of
protonation of imine nitrogens of the EB, leading to the formation of semiquinone segments
via an internal redox reaction (Scheme 5 and Scheme 6). The polaron formation during
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protonation from the EB is shown in Scheme 5 (a to c). Scheme 5a shows the protonation of
the EB, creating bipolarons, which are shown in Scheme 5b. Next, an internal redox reaction
from benzenoid to quinoid occurs, creating polarons on both amines, as shown in Scheme 5c.
Finally, the polarons separate to form the polaron lattice, as shown in more detail in Scheme
6.

Scheme 5: Lattice polaron formation during oxidation. a) EB b) bipolarons c) polarons (semiquinone segment)
d) polaron lattice.17

29

Scheme 6: Conversion mechanism for polaron to polaron lattice (Scheme 5c-d).

2.3.4. Experimental Evidence for Polaron Formation in PANI
Many experimental techniques provide evidence for the presence of polarons in
PANI-ES. As already mentioned above, UV-Vis absorption provides direct interrogation of
the electronic states of PANI, including the presence of polaron and bipolaron states within
the bandgap. Absorbance shows at ~350 nm due the presence of 𝜋 – 𝜋* interactions, at ~430
nm due to the presence of polaron – 𝜋* interactions and at ~750 nm due to 𝜋 – polaron
interaction (Figure 21).52-53
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Figure 21: UV-Vis absorbance spectrum for PANI-ES with absorbance due to the presence of a) 𝜋 – 𝜋*, b)
polaron – 𝜋* and c) 𝜋 – polaron.54

Furthermore, UV-Vis measurements suggest that the polaron, bipolarons, and polaron
lattice are in electrochemical equilibrium with each other and that the lattice polarons are the
species responsible for charge transport in PANI.55 Figure 22 shows the UV-Vis spectrum of
a PANI film exposed to acidic vapor. Over time, the absorbance at ~2000 nm increases due to
increase in delocalized polarons. The signal decreases around ~800 nm due to a decrease in
localized polarons.56 However, computer simulations of a PANI fragment of four repeated
units suggest the bipolaronic particle being responsible for conductivity in PANI. 36, 57 The
debate over the conductivity mechanism and identity of the charge carriers in PANI is further
complicated due to the disordered nature of most as-prepared films, disrupting the planarity
of the PANI chains, limiting intra-chain mobility and necessitating inter-chain hopping of the
charge carriers.

Figure 22: UV-Vis / Near-IR absorbance measurements on PANI exposed to acidic vapor. a) decrease due to
decrease in localized polarons, b) increase due to delocalized polarons. 58
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Conductivity measurements of thin PANI films have been used to explore the
mechanism of charge transport through bulk PANI films. These measurements, as well as
AFM (atomic force microscopy) measurements, indicate that the PANI phase segregates into
(ordered) highly conducting regions surrounded by (disordered) insulating regions,
suggesting the important role of charge hopping as described by models such as Variable
Range Hopping.59 Thus, the inherent disorder of as-prepared films can greatly affect the
conductivity, the identity of the charge-carriers, and even the mechanism of electrical
conduction.
Electron paramagnetic resonance (EPR) has been utilized to probe the magnetic
properties of PANI, and thus detect the existence of unpaired electrons. The first EPR
measurements were performed on chemically synthesized PANI and Lapkowsi et al. carried
out the first in situ EPR measurements on PANI during CV in acidic media. 60-61 These
measurements add to the debate about which species induce conductive behavior and suggest
that two polaron states are created for the two-electron transfer reaction from the fully
reduced state to the ES. This implies that the formation of polarons is favored over bipolarons
for the first oxidation and the creation of a bipolaron over a polaron for the second oxidation
of PANI. However, more recent results from Scotto et al. show that cycling the LS towards
the ES creates two species associated with bipolarons and polaron lattice. They show that
these species are in chemical equilibrium. Also, it is shown that bipolarons convert into
polaron lattice and that this conversion can be controlled by the applied potential.55 EPR
measurement have been performed on PANI with different dopants, PANI fibers and PANI
with different chain lengths.62-65 These experiments all show the appearance of polarons
through EPR measurements, as shown in Figure 23. Importantly, only polarons appear in
EPR measurements since it measures a single spin irregularity. Bipolarons will not show on
these measurements because they are spin-less. EPR measurements for PANI are influenced
by the oxidation state of the polymer. In Figure 23a, the polymerized aniline is held at 0.075
V for 4 minutes, while in Figure 23b, the polymer is held at 0.70 V for the same amount of
time. The higher peak for Figure 23a shows more polarons are present at a higher potential.
This can be explained because the polymer is more oxidized at higher potential: from the LS
towards the ES. Higher potential corresponds to more PANI-ES, which corresponds with the
more conductive polymer.
Conductivity of PANI is not only dependent on the existence and concentration of
polarons, but also on their mobility. EPR is also an important tool for studying the mobility
of polarons in PANI and other conducting polymers. The changes in mobility, as PANI is
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Figure 23: General EPR measurement of electro polymerized aniline scanned for 4 minutes at: a) 0.075 V, b)
0.70V (vs. Cu/CuF2).61

oxidized, is shown in Figure 24. This shows that the mobility increases when the oxidation
level is increased until the mobility (and therefore conductivity) decreases again. The bump at
7% is caused by a conformation change of the poymer.66 These stages would approximately
represent the oxidation states of PANI: Stage 1 is the leucoemeraldine salt, stage 2 is the
emeraldine salt, and stage 3 is the pernigraniline salt.

Figure 24: Mobility of charge carriers through different stages of oxidation in PANI salt states (I: LS, II: ES &
III: PS.66

FT-Raman also provides evidence of polaron formation. Raman is sensitive to
changes between imine and amine nitrogens (quinoid and benzenoid units). These units are of
interest because they are associated with the oxidation of state of the polymer and the
protonation state. This technique also provides spectroscopic signatures about the extent of
delocalization of the polaron by studying the ratio of the polaron peaks. Localized polarons
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appear at ~1340 cm-1 and delocalized polarons at ~1380 cm-1 for most laser wavelengths.67
The range of a Raman measurement varies, but is mainly from ~200-4000 cm-1. However, the

Figure 25: Raman spectrum of PANI-ES, λ= 1064.0 nm (near-IR).

interesting features of PANI show in between the range of ~300-1800 cm-1. A general Raman
spectrum of PANI in the ES state with a laser wavelength of 1064.0 nm is shown in Figure
25. The important peak assignments are shown in Table 3.
Table 3: Peak assignment for Figure 25.

Structure

Wavelength (cm-1)

Aromatic ring

417 & 513

C-N benzenoid
1172

Localized (and delocalized)* Polarons (or

1324 and 1354

different conjugation lengths)68
C=N quinoid
1505

C=C quinoid
1597

The presence of delocalized polarons in PANI is up for debate. In recent studies,
Gospodinova et al. showed that delocalized polarons in conducting PANI are generated
during the Raman measurement.69 Figure 26 shows the measurement on a ~3 nm thick PANI
film where no peak is present at 1390 cm-1 (using a Near-IR laser, the delocalized polarons
show a peak around this wavelength). This corresponds to an absence of delocalized
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polarons, which they explain by the small film thickness giving no possibility of alternating
the film structure by addition of delocalized polarons. On films measured in a similar way,
with a change in thickness (~20 nm instead of ~3 nm), delocalized polarons were found.
Therefore, in this work, no distinction will be made between localized and delocalized
polarons.

Figure 26: Raman scattering on ~3 nm thick PANI film at λ = 532.1 nm on Si-wafer. Power settings: a) 5 mW,
b) 2.7 mW, c) 1.2 mW, d) 0.5 mW and e) 0.04 mW. 69

Last technique that will be discussed is FT-IR spectroscopy. Using this technique, the
stretches in the ring structure and intermediate amine (N-H) and imine (N=H) can be
identified. Figure 27 shows a PANI FT-IR spectrum for the ES- and EB-form of the polymer.
For this experiment, PANI was polymerized cycling in 1M HClO4 containing 0.1 M NaClO4
and 0.2 M aniline in a range of -0.2 V to 0.8 V vs. SCE with a sweep rate of 10 mV/s. After
deposition, the polymer was equilibrated at +0.4 V by applying a constant current and PANIEB to ES conversion was performed by washing the polymer in a NH3 solution.
Comparing the ES- and EB PANI in Figure 27 shows two major differences. First the
increase in absorbance for the ES at a ~3200 cm-1 shown as peak f, is due to the N-H
stretches in the benzenoid structures of ES. This change in peak height is caused by the
difference in the ratio of benzenoid and quinoid structures in the ES and EB. This agrees with
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Figure 27: Vibrational FT-IR spectrum of electropolymerized PANI in the ES- and EB-forms.

the earlier described polaronic structure that exists in conducting ES and forms benzenoid
structures. The EB consists of both benzenoid and quinoid structures showing a lower
Table 4: Peak assignment of PANI ES and PANI EB of FT-IR measurement Figure 27.

Structure

Wavenumber (cm-1)

Peak assignment
from Figure 27

C-H (out of plane bending)

~825

a

~1150

b

~1300

c

~1500

d

~1580

e

~3200

f

C=N quinoid

C-N benzenoid

Benzenoid ring

C=C quinoid ring

N-H

maximum at ~3200 cm-1.70 The second difference is the shoulder of peak b, shown inFigure
27, which is also due to the benzenoid/quinoid ratio in the ES and EB. The ES has is more
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benzenoid structure due to polaron formation, causing a higher peak and shoulder around
1200 cm-1.41 Peak assignments of Figure 27 are shown in Table 4.

2.4. Electrochemical measurements on PANI films
2.4.1. Cyclic Voltammetry
CV measures the current flowing through the working electrode while linearly cycling
the potential (see chapter 1.4.1). CV has been used for the electropolymerization and
deposition of PANI on solid electrodes, as well as for studying the redox behavior of PANIcoated electrodes in various media. For PANI, common potentials to cycle are from -0.1 V to
0.9 V (vs. Ag/AgCl). Figure 28 shows a typical CV deposition. On the first scan (in the
positive direction), no current is observed until ~0.8 V. At this potential, the aniline
monomers oxidize, initiating polymerization at the electrode surface as described in chapter
2.2.1. During subsequent scans, more monomers are oxidized and undergo polymerization,
eventually depositing on the electrode surface. Monomers continue to add as the film grows,
giving clear redox waves as the LS is oxidized to ES and then to the PS On each reverse scan
(in the negative direction), the polymer is reduced back to ES and finally LS. After the film
grows, two oxidation peaks become visible at A and C and two reduction peaks at A’ and C’.
Figure 28 shows the reaction of the processes happening at A and C.
At the first oxidation peak (A), the LS converts into ES. During this oxidation,
polarons and/or bipolarons are formed and the polymer becomes electrically conducting (the
debate about which species form is found in chapter 2.3.3). The small peak observed at B in

Figure 28: CV deposition of PANI on 1 cm2 Pt-disk electrode. Deposition from HCl-aniline solution (1.2 M and
0.42 M resp. at pH = 0) at 50 mV/s scanning from -0.2 to 1.1 V (vs. SCE).71
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Scheme 7: Oxidation and reduction mechanism of PANI CV deposition, stages of deposition as shown in Figure 28.

Figure 28 is assumed to be caused by impurities and crosslinking within the film, however,
there is no consensus about this peak’s origin. At slow deposition rates (slow scan rate in CV
or low currents or potentials) the height of peak B decreases suggesting that crosslinking and
degradation more readily occur at faster deposition rates.72 In this stage (between oxidation
peak A and C), the conducting ES pulls in negatively charged counter ions to make up for
new positive charge around the polarons and maintain charge neutrality in the film. This
behavior is confirmed by the eQCM data presented in the next section, and it should be noted
that mechanism of charge neutrality, i.e. the insertion of anions rather than deprotonation, is
different than what is shown in Scheme 4. The exact charge compensation mechanism is may
cary depending on the pH, pKa of the acid, and the identity of the counterion. At the
oxidation peak (C), conducting ES converts into the non-conducting PS. In this stage, imines
form causing the loss of two protons and two electrons. On the reverse scan PS is reduced
back to ES (C’), losing ions from the ES (B’) and converting back into the LS (A’). The
whole process reverses, except for the new oxidized aniline monomer, which add to the
growing polymer causing the next scan to have higher oxidation and reduction peaks (B’).
There are different variables in CV deposition. One of these variables is the scan rate
(mV/s). The faster the scan rate, the less time aniline must oxidize and the polymer must
crash out of the solution before being reduced. Changes in scan rate therefore influences the
state of the polymer after completion of deposition. 73 Most common features of faster scan
rates are higher and broader oxidation peaks, indicating a disordered polymer structure.
Polymer oxidation is accompanied by anion incorporation, which affects the
electrochemistry due to changes in the chemical and physical properties of the film. The ESform of PANI in solution is positively charge contains anionic counterions to maintain charge
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neutrality. The polymerization process and the properties of the resulting polymer depend on
the identity of the counterion. These properties include the polymerization rate, morphology,
conductivity, and relatedly, the shape of the CV’s when cycled in the acid.74 Examples of
studied counterions for PANI include CH3COO-, BF4-, HSO4-, SO4-, H2PO4- and HPO4-.41 At
polymerization initiation, the most important anion properties are molecular size, solvation
and electronegativity.75-78
Larger anions require a higher potential due to steric constraints. Larger anions can
also lead to more porous polymers. Zhang et al. studied different anions (HCl, H2SO4, HBF4,
H3PO4) with PANI nanostructures, showing that the morphology, size and electrical
properties of the PANI nanostructures are dependent on the dopant ion.79 Zotti et al. studied
the PANI structure on a larger scale using with several strong acids showing an open
structure for anions BF4-, ClO4-, CF3COO- and a closed structure for anions SO42-, NO3- and
Cl-.80

2.4.2. eQCM measurements on PANI films
QCM measurements during CV provide the possibility of measuring the mass gain
and loss in situ. eQCM frequency changes during CV are shown along with the current as a
function of potential in Figure 29. Studies show that for PANI, the mass starts increasing
after the first oxidation peak, when cation radicals form in the polymer chain and anions are
inserted to keep the overall charge of the polymer neutral. Recall that the decrease in
frequency corresponds to an increase in mass according the Sauerbrey equation (7).81 When
the second (more positive) oxidation starts around 0.55 V, the QCM shows a significant
increase in frequency, indicating mass loss. This occurs because of the loss of protons, as the
film is deprotonated.
The sensitivity of the eQCM measurement makes it possible to determine the number
of electrons associated with oxidation/reduction of the film. When in situ gravimetric data are
combined with faradaic charge, the number of electrons per repeated unit is found to be 2.4
electrons, which is close to the theoretical value based on the stoichiometric balanced
equation.82 Torresi et al. showed that the rate of growth of PANI in 1M HCl solution
increases in time as shown in Figure 30.83 The aniline was polymerized from 0.15 M aniline
in 1 M HCl for 100 cycles at 50 mV/s. This increase can be attributed to two factors: (1) the
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Figure 29: QCM measurement PANI cycling in 0.5 M NaClO4 + HClO4 (pH = 1). Sweep rate 5 mV/s-1. PANI
dep. 0.4 C/cm-2

enhanced activity of the solution as the concentration of reactive monomers, dimers, and
oligomers builds up, and (2) the increasing electroactive surface area of the growing polymer
film. Every time the potential becomes higher than ~0.7 V, more aniline monomers go to the
‘propagation step’ of the polymerization process (chapter 2.2.1). In general, the more aniline
monomers that are converted to radical aniline monomers, the more monomers will be
available for polymerization.

Figure 30: Mass increase versus the time (scan rate) during a 100 cycle deposition experiment on a gold
electrode with 0.15 M aniline in 1 M HCl.83
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2.5. Incorporation of Transition Metals
Incorporation of transition metals in PANI films has been carried out as a possible
method of tuning the polymer properties, in particular, the conductivity and electrochemical
activity. There are several possible methods for incorporation of transition metals;
incorporation during deposition via trapping of the metal ions in the polymer, formation of
covalent bonds to the polymer, or noncovalent interactions.71,84
Rourke et al. incorporated ferri- and ferrocyanide into PANI films during
electropolymerization as shown in Figure 31.71 Figure 31a-c shows the difference in the
deposition CVs of aniline, aniline-ferricyanide and aniline-ferrocyanide (all in 1.2 M HCl at
pH = 0, 0.42 M aniline with 0.5 M ferri-/ferrocyanide). For deposition in the presence of
ferri-/ferrocyanide, an increase in the oxidation peak at ~0.3 V vs. SCE (earlier described as
peak B) is observed, which is attributed to the presence of ferri-/ferrocyanide. Cycling in HCl
background electrolyte immediately after deposition (Figure 31d-f) confirms the maintained
presence of ferri-/ferrocyanide in the film.71 Ferrocyanic-acid has also been incorporated into
PANI films. The aniline salt of ferrocyanic-acid was synthesized before being polymerized.
After polymerization, Mössbauer and IR spectroscopy and elemental analysis confirmed the
presence of ferrocyanic-acid in the film. Positron annihilation lifetime spectroscopy showed a
higher density of polarons for PANI with ferrocyanic-acid compared to a regular PANI
film.85

Figure 31: CV deposition of aniline (a), aniline-ferricyanide (b) and aniline-ferrocyanide (c). CVs in
background electrolyte (HCl) for aniline (d), aniline-ferricyanide (e) and aniline-ferrocyanide (f), all
measurements are vs. SCE.71
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Ruthenium(III) chloride (RuCl3) has also been incorporated in PANI films.84 The
presence of RuCl3 results in a deformation of the EB towards the ES in a chemically
synthesized phosphate buffered PANI, accompanied by increases in the conductivity. The
proposed interaction between RuCl3 and PANI is shown in Figure 32. Here, the RuCl3 acts as
an electron acceptor, i.e. Lewis acid, with the electron pair on the amine- (-NH2) or imine
(=NH) donor-groups.

Figure 32: Interaction between PANI and RuCl3.

Izumi et al. reported on the addition of Fe(III), Cu(II) and Zn(II) to PANI-EB
containing 1-methyl-2-pyrollidinone.86 The films were chemically polymerized from an
aqueous HCl solution using (NH4)S2O8. The PANI obtained was in the ES state. To
incorporate the Fe(III) into the film, the ES was converted to EB and was added to a solution
of FeCl3 in nitromethane. The resulting polymer was analyzed using UV-Vis, EPR and
Raman spectroscopy measurements. An increase of semiquinone segments (ES) was
observed upon addition of Fe(III) and Cu(II) to the polymer. This work also showed that at
lower concentrations of the metal-ions Fe(III), Cu(II) and Zn(II), the PS state is favored,
instead of the conducting ES. The properties of PANI doped with Fe(III), Ni(II) and Lr(II)
were also studied by Krishna et al., and the ability of charge carriers to hop between different
polymer chains through variable-range hopping measurements (VRH) was investigated.87
Charge hopping in Fe(III)-doped PANI was found to occur via so-called 3D VRH while
Ni(II)- and Lr(II)-doped PANI showed 1D VRH. For this reason, Fe(III)-doped PANI was
found to have a higher conductivity than Ni(II)- and Lr(II)-doped PANI. Lastly, the
interaction the Pd(II) with PANI has been studied by Li et al.88 Synthesis of Palladium
clusters in the polymer films and x-ray, photoelectron spectroscopy and Auger electron
spectroscopy show that Pd can be successfully incorporated into PANI.
Overall, the literature suggests that PANI incorporated with Fe and Fe complexes
favor the ES state and higher electrical conductivity. Furthermore, the Lewis acid-base
interactions between transition metal cations and the nitrogens on the polymer backbone
suggest that the role of protonation during oxidation of the films, and the resulting charge
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compensation mechanism, may be different than typically encountered. These changes may
provide a route towards PANI films with electrical conductivity in neutral solutions. These
possibilities are explored in this work.
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3.

Electropolymerization of PANI in the presence of

transition metal complexes: electrochemical, spectroscopic
and gravimetric studies
In this research, we investigate PANI films with incorporated metals and metal
complexes deposited on platinum disc and gold QCM electrodes using several deposition
techniques, including CV, constant current, and constant potential deposition. Studied metals
and complexes are ferricyanide, iron(III) chloride, hexacyanoruthenate(II), and
ruthenium(III) chloride. In addition, we study the properties of the resulting films using FTRaman, FT-IR, UV-Vis and AA measurements. QCM measurements are used to study the
process of mass loss and gain during deposition and during cycling in acidic (2 M HBF4) and
neutral (1 M KCl) conditions.

3.1. Results and discussion
PANI films were electropolymerized from 0.1 M aniline monomer in 2 M HBF4
following literature procedures.71, 81 PANI films were also polymerized in the presence of 2.5
mM transition metal complexes: potassium ferricyanide (K3Fe(CN)6), potassium
hexacyanoruthenate(II) (K4Ru(CN)6), iron(III) chloride (FeCl3) and ruthenium(III) chloride
(RuCl3). All details of the polymerization are reported in the experimental section. Because
of the uncertainty in amount and nature of cations around the complex during CV
measurements, the complexes potassium ferricyanide and potassium hexacyanoruthenate(II)
will be described as PANI-Fe(CN)6 and PANI-Ru(CN)6 respectively.

3.1.1. eQCM measurements on PANI with various transition metals
An AT-cut 5 MHz QCM crystal with a gold working electrode was used during
electropolymerization of PANI in the absence and presence of the various transition metals
listed above, providing in-situ frequency changes during deposition. These frequency changes
correlate with mass changes as the polymer is deposited on the working electrode during
polymerization.
CVs and accompanying frequency changes during deposition show an increase in
mass, as expected. All films were deposited by scanning from -0.1 V to 0.9 V at 50 mV/s. By
scanning past ~0.8 V, the aniline monomer forms radical cations and polymerizes to form
PANI, which then crashes out of the solution and deposits on the crystal. Figure 33 shows the
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first two scans of PANI (a) and PANI-Fe(CN)6 (b), deposition on a gold QCM electrode,
where a large anodic current, beginning around 0.8 V, shows for the first scan during which
the aniline monomers are oxidized. During the second scan, the redox processes of the
resulting polymer are already visible, indicating the deposition of a thin layer of PANI on the
electrode surface. The differences between PANI and PANI-[1] are immediately visible
showing a lower anodic current for the oxidation of aniline monomers for PANI-[1]. Figure
33b also shows the characteristic redox wave of ferricyanide for the first scan: oxidation of
3−
𝐹𝑒(𝐶𝑁)4−
6 at ~0.5 V and the reduction of 𝐹𝑒(𝐶𝑁)6 at ~0.45 V.

Figure 33: First two scans of PANI (a) and PANI-[1] (b) deposition on gold QCM crystal, showing first (I) and
second (II) scan, oxidation (III) and reduction (IV) peak of ferricyanide.

Full deposition CVs of PANI and PANI in the presence of different transition metals
and complexes is shown in Figure 34. The figure contains five deposition CVs: a) PANI
(green), b) PANI-Fe(CN)6 (yellow), c) PANI-Ru(CN)6 (purple), d) PANI-FeCl3 (orange) and
e) PANI-RuCl3 (blue). All films were scanned until a peak current of ~0.01 A was reached
for the first oxidation wave (around 0.15 V). This peak height typically correlates to the
amount of polymer deposited, and therefore to film thickness, but due to the incorporation of
transition metal complexes, this is not assumed to be the case. Still, it can be assumed that
films with similar peak currents have similar amounts of PANI deposited, even though the
total mass and thickness may be different depending on the amount of metal complex
incorporated.89 For all films, roughly 28 scans were required to reach 0.01 A. All films show
three redox waves, the first one round ~0.15 V and the third one around ~0.75 V are the
largest and are due to the oxidation (and subsequent reduction on the reverse scan) of PANI
as described in Chapter 2.4.1. The second peak is commonly attributed to oxidation and
reduction of polymerization byproducts. During the deposition of PANI with Fe(CN)6, the
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Figure 34: PANI Deposition CV on gold QCM crystal showing every 5th scan. 0.1 M aniline in 2 M HBF4 (+
2.5 mM transition metal complex for b,c,d,e). a) PANI (green), b) PANI-Fe(CN)6 (yellow), c) PANI-Ru(CN)6
(purple), d) PANI-FeCl3 (orange) and e) PANI-RuCl3 (blue).

presence of Fe(CN)6 in the solution is clearly observed during the first scan (see Figure 34b).
On the other hand, PANI and PANI-FeCl3 show a flat line for the first scan. The peak
corresponding to Ru(CN)6 in the first scan is smaller than for Fe(CN)6, however still visibly
increased compared to PANI. By the final scan of the depositions, three redox waves are
present. As explained earlier, the first redox wave is the change from LS to ES, the second is
due to degradation products (and possibly the presence of the transition metals) and the third
is the change of the ES to the PS. The second peak shows an increased current for the films
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deposited in the presence of Fe(CN)6 due to the activity of the transition metal complex in the
films in this potential range.
Figure 35 shows the change in mass during the deposition of PANI and PANI with
different transition metal complexes. The mass was calculated by measuring the change in

Figure 35: Mass versus time for PANI deposition CV on gold QCM crystal: 0.1 M aniline in 2 M HBF4 (+ 2.5 mM
transition metal complex for b,c,d,e). a) PANI (green), b) PANI-Fe(CN)6 (yellow), c) PANI-Ru(CN)64- (purple), d) PANIFeCl3 (orange) and e) PANI-RuCl3 (blue). Insets show PANI Deposition QCM on gold QCM crystal. 0.1 M aniline in 2
M HBF4 (+ 2.5 mM transition metal complexes for b,c,d,e). a) PANI (green), b) PANI-Fe(CN)6 (yellow), c) PANIRu(CN)6 (purple), d) PANI-FeCl3 (orange) and e) PANI-RuCl3 (blue).
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frequency during CV. The frequency was then converted to the mass by a factor of 1 𝐻𝑧 =
−1.34 𝑛𝑔 as shown in Section 3.4.1. The figure contains five QCM deposition plots: a)
PANI (green), b) PANI-Fe(CN)6 (yellow), c) PANI-Ru(CN)6 (purple), d) PANI-FeCl3
(orange) and e) PANI-RuCl3 (blue). The addition of Fe(CN)6 and Ru(CN)6 to PANI cause a
higher total mass deposited, ~17,000 ng and ~13,000 ng respectively, in comparison to the
other films, which all show lower deposited mass. Since all CVs were terminated when the
first oxidation peak reached 0.01 A, the increased mass likely not due to an increase
deposited polymer, but rather the incorporation of the transition metal complex. Both
Fe(CN)6 and Ru(CN)6 are negatively charged in solution, which should allow them to
incorporate as counterions during the oxidative polymerization.
The rate of deposition is also different for the two negatively charged complexes
compared to the other films. For PANI-FeCl3 and PANI-RuCl3, the change in mass is more
exponential, as is typical of PANI depositions. PANI-Fe(CN)6 and PANI-Ru(CN)6, on the
other hand, show a more linear growth that begins to saturate as the deposition continues.
This is presumably due to the increased film thickness for both PANI-Fe(CN)6 and PANIRu(CN)6, which cause an increase in resistance through the film and an iR drop in potential
across the film. This results in a lower potential at the film-electrolyte interface as the film
grows, and therefore a slower rate of oxidative polymerization at later stages of growth.
Another difference between PANI-Fe(CN)6 and PANI-Ru(CN)6 compared to PANI,
PANI-FeCl3 and PANI-RuCl3 is the increase in mass during the first scan of the deposition.
The Fe(CN)6 containing films increased by 730 ng in its first full scan, while the Ru(CN)6
containing film increased by 671 ng. The film containing PANI-FeCl3 decreased by -4.3 ng (a
small contamination might have come off the crystal), while the one containing PANI-RuCl3
increased 33.5 ng and PANI increased by 44 ng. This mass change again suggests that the
Fe(CN)6 and Ru(CN)6 are incorporated into the film as counterions during deposition.
The changes in mass and current as a function of potential are shown in Figure 36.
One cycle halfway through the entire deposition process is shown (with a first oxidation peak
height of about 0.005 A). Films of PANI, and PANI with PANI-RuCl3 and PANI-FeCl3 show
a very similar shape for CV and QCM measurements. At the first oxidation peak, where the
polymer is changed from LS to ES (oxidation at ~0.1 V), the mass increases because of the
insertion of BF4- anions to compensate the positive charge on the polymer. Reaching the
second oxidation peak, the polymer changes from ES to PS (oxidation at ~0.7 V). In this
process, protons are lost from the polymer and benzenoid is converted into quinoid, causing a
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decrease in mass of the polymer. Reducing the polymer from the PS back to the ES-state
(reduction at ~0.7 V) induces the opposite effect, causing a mass increase, and finally the
mass decreases again for the change from ES to LS (reduction at ~0.1 V) the counterions

Figure 36: Potential scan with in-situ frequency measurements for QCM deposition measurements on gold QCM
crystal. 0.1 M aniline in 2 M HBF4 (+ 2.5 mM transition metal complexes). The full line is the current (left axis) versus
the potential. The dashed line is the mass (right axis) versus the potential. Arrows show the direction of the mass change.
a) PANI (green), b) PANI-Fe(CN)6 (yellow), c) PANI-Ru(CN)6 (purple), d) PANI-FeCl3 (orange) and e) PANI-RuCl3
(blue).:
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leave the film. Overall, the film has increased in mass because of the polymerization of
aniline monomers.
The mass changes observed for PANI-Fe(CN)6 and PANI-Ru(CN)6 are qualitatively
different. As seen in Figure 37b and c, the mass initially decreases as the polymer is oxidized
from the LS to ES state, before increasing steadily. As the potential is reversed back towards
the initial potential, the mass again deviates from the typical response as the films are reduced
from ES to LS, when the mass increases again. We speculate that during the first oxidation
wave of PANI, instead of the typical ingress of anions to compensate the oxidation of the
polymer, counterions (cations) associated with the metal complexes leave the film, resulting
in an inversion of the mass change seen in these films. This unique behavior can be seen
more clearly in Figure 37, which shows the CVs of PANI and PANI-transition metal
complexes scanned in the background electrolyte (2 M HBF4). After deposition, the films
were rinsed and cycled in HBF4 from -0.1 V to 0.85V. As seen in Figure 37a, PANI shows an
increase in mass when the first oxidation peak appears around ~0.15V. The mass keeps
increasing until the second oxidation peak is reached. After the second oxidation peak the
mass decreases and during the reduction all steps are vice versa. This is the typically behavior
of PANI films when cycled in acidic solutions. However, PANI-Fe(CN)6 and PANI-Ru(CN)6
both show a mass decrease beginning at the onset on the first oxidation wave, which
continues to decrease until the second oxidation peak (0.7 V) is reached. Around the onset of
the 2nd oxidation peak the mass increases until the potential is reversed and the films is
reduced from the PS to ES state. After the mass decreases again until the ES to LS reduction,
where the mass increases sharply.
For PANI, the mass is reported to increase during the oxidation of LS to ES, as is
observed in our experiments. This is because of the insertion of anions as charge
compensation for the new positive charge produced in the polymer. However, for the films
with incorporated PANI-Fe(CN)6 or PANI-Ru(CN)6, the mass decreases while the LS is
oxidized. After this oxidation, the mass of the PANI-Fe(CN)6 plateaus briefly before
decreasing again around the potential at which at which the Fe(CN)6 is oxidized. During this
same potential range, the PANI-Ru(CN)6 slightly increases. We suggest that the PANIFe(CN)6 and PANI-Ru(CN)6 films are able to lose a potassium cation to compensate the
charge of the molecule. This would result in a decrease in mass, as seen in Figure 37. The
oxidation from ES to PS and reduction from PS back to the ES shows an increase in mass,
which is suggested to be associated with the insertion of anions. Reducing the ES state and
ferricyanide to ferrocyanide shows a decrease in mass associated with the expulsion of
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anions. Reducing from the ES to the LS shows a high increase in mass for PANI-Fe(CN)6
and PANI-Ru(CN)6, while PANI, PANI-RuCl3 and PANI-FeCl3 show no change at all. This
inversion of the mass changes during potential cycling is unique, and we are not aware that it
has been reported before.

Figure 37: CV and in situ QCM measurement from -0.1 V to 0.85 V in HBF4 solution. The full line is the current (left
axis) versus the potential. The dashed line is the mass (right axis) versus the potential. Arrows show the direction of
the mass change: a) PANI (green), b) PANI-Fe(CN)6 (yellow), c) PANI-Ru(CN)6 (purple), d) PANI-FeCl3 (orange) and
e) PANI-RuCl3 (blue).
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3.1.2. Film degradation
Scanning the films from -0.1 V to 0.85 V repeatedly causes a slow, irreversible
decrease in mass. This is presumably due to slow degradation and delamination of the films.
After every cycle, the films become slightly more damaged until after 440 scans the

Figure 38: Film degradation of PANI-Ru(CN)6. a) Shows the decrease in conductivity over time by cycling. b)
Shows the mass loss of the polymer on the Au-QCM electrode.

conductivity is decreased, as evidenced by the change in CV, and 7000 ng of the total mass is
lost. This damage is done when cycling past the second oxidation peak. When cycled over a
smaller range, minimal film degradation is found. 67 Slow degradation during cycling is also
apparent in Figure 43, where the PANI films loses about ~30 ng of mass after one cycle.

3.1.3. Raman measurements
Raman measurements were performed with a 1064 nm (near-IR) excitation source to
confirm the presence of both Fe(CN)6 and Ru(CN)6 in the PANI films, as well as explore any
changes in structure. Figure 39a shows the Raman spectrum for PANI, PANI-Fe(CN)6 and
PANI-Ru(CN)6 deposited on a platinum strip.

Figure 39: FT-Raman (λ = 1064.0 nm) measurements of a) PANI (green) and PANI with added Fe(CN)6
(yellow) and Ru(CN)6 (purple) and b) powder of PANI-Fe(CN)6 (yellow) and PANI-Ru(CN)6 (purple).
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Due to the long wavelength of the laser, which tends to heat and degrade the samples,
it was only possible to observe Raman spectra of the Fe(CN)6 and Ru(CN)6 powder and the
PANI films deposited with Fe(CN)6 and Ru(CN)6 at the lowest power setting (0.1 W). This
resulted in a higher background noise than preferable. However, a clear peak is seen for both
PANI films, deposited in the presence of Fe(CN)6 and Ru(CN)6 at ~2430 cm-1 (Figure 39a
yellow, purple). This peak is not seen at the Raman spectrum of PANI in Figure 39a (green)
and is therefore assigned to the CN stretches in Fe(CN)6 and Ru(CN)6.84, 90 Figure 39b shows
the Raman spectra of Fe(CN)6 and Ru(CN)6 powder measured on a glass plate. When higher
power settings are used on these PANI films (e.g. 0.4 W), a peak corresponding to the CN
stretches shows for the first couple of scans, but rapidly decreases due to the rapid
degradation of the Fe(CN)6 and Ru(CN)6. However, for lower power settings (0.1 W), just as
with the Fe(CN)6 and Ru(CN)6 powder, the peaks from both molecules appear in the final
Raman spectrum around ~2430 cm-1. These results suggest that both Fe(CN)6 and Ru(CN)6
are incorporated into the films during electropolymerization. These claims are confirmed by
atomic absorption measurements (AA), which shows the presence of iron in the film.
Specifics of these experiments can be found in the appendix (3.4.3). Raman measurements on
FeCl3 and RuCl3 show no peak in this region of their spectra, due to the absence of CN
stretches.
After confirmation of Fe(CN)6 and Ru(CN)6 in the PANI films, the Raman spectrum
of PANI and PANI with Fe(CN)6, Ru(CN)6, FeCl3 or RuCl3 were taken. Using FT-Raman
spectroscopy, differences in the films can be studied. All films were prepared in similar way,
by QCM-CV deposition. Specific details about the deposition we described are in Chapter
3.3.4. After deposition, the films were dried under nitrogen and transferred in a closed
atmosphere for Raman measurements.
Figure 40 and Table 5 show the peak positions, assignments and intensities for all
PANI films. These are the most commonly accepted assignments in the literature. 58, 91-95 The
Raman spectrum of Ru(CN)6 showed signatures of sample heating, necessitating lower laser
power. Unfortunately, at low power settings, many spectral features are undetectable. Only
the CN stretches show at ~2430 cm-1 (y).96 Note also the broad baseline at high wavenumbers
due to blackbody radiation, shown seen around 3380 cm-1 (z).97
The conducting state of the ES form is confirmed by the presence of spectral
signatures of the polarons, i.e. the C-N+∙ polaronic form of the ES PANI localized and
delocalized polarons (f and g, 1320 cm-1 and ~1370 cm-1, respectively). The intensity of these
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Figure 40: FT-Raman (λ = 1064.0 nm) measurements of (I) PANI-RuCl3, (II) PANI-Fe(CN)6, (III) PANI, (IV)
PANI-FeCl3 and (V) PANI-Ru(CN)6. Peak assignments are found in Table 5.

signals is higher for PANI-Fe(CN)6 and PANI-RuCl3 than for PANI, suggesting that the
addition of these transition metal complexes induces more polaron formation. Another region
of interest in the spectra are the benzenoid and quinoid stretches: quinoid stretches are found
as C=N stretches (h, 1460 cm-1) and C=C stretches (j, 1595 cm-1). Note that the ratio of
quinoid to benzenoid rings should increases with oxidation of the film. Peak h only shows for
PANI-Fe(CN)6, no other polymers show any intensity around this area. Peak j is of high
intensity for PANI-Fe(CN)6, while the other polymers barely form a shoulder. This suggests
that the addition of Fe(CN)6 pushes the PANI towards a higher oxidation state. All polymers
are a mixture of different states - PANI forms a mixture between mainly LS and some ES
while the addition of Fe(CN)6 moves this equilibrium to a mainly ES, possible with some PSstate polymer. These results are in agreement with those previously reported. 85

54

1175

C-H bending vibrations of the semiquinone rings

1280 (w)

structures, polaronic forms and benzene ring
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1370
N/A
1505

delocalized polarons (f & g).102-103

C=N stretches in quinoid unit (h).99

N-H deformation vibration associated with the

1595
N/A
3380

C=C stretches vibration in quinoid ring (j).106-107

CN stretches (y).

Blackbody radiation (z).

semiquinone structure (i).104-105

1320 &

C-N+∙ polaronic form of the ES PANI localized and

deformation (d & e).91, 101

1230 &

C-N stretches and vibration of benzenoid and quinoid

(cation-radical segments) (c).93, 99-100

N/A

Out of plane ring deformation (a & b).98

PANI

3380

N/A

1595

1505

N/A

1320 & 1370

(w)

1230 & 1260

1175

415 & 515

PANI-Fe(CN)6

N/A

N/A

1595

1505

1460

1360

1320 &

1268 (w)

1240 &

1180

N/A

N/A

1595

1505

N/A

1370

1320 &

1280 (w)

1230 &

1175

515

415 &

RuCl3

FeCl3
N/A

PANI-

PANI-

N/A

2430

N/A

N/A

N/A

N/A

N/A

N/A

N/A

PANI-Ru(CN)6
Table 5: Assignment of peak values from Figure 40. The Raman shifts are given in cm-1.

Raman measurements were also performed on films containing increasing amounts of
Fe(CN)6 (Figure 41): (I) PANI-2.5 mM Fe(CN)6, (II) PANI-1 mM Fe(CN)6, (III) PANI-0.5
mM Fe(CN)6, (IV) PANI-0.1 mM Fe(CN)6 and (V) PANI. Peaks of these measurements
correspond to the peaks shown in Table 5, except for a shoulder on peak c labeled c’ and a
shoulder on peak j labeled j’. Whereas the shoulder of c’ has not be described in literature,

Figure 41: FT-Raman (λ = 1064.0 nm) measurements of (I) PANI-2.5 mM Fe(CN)6, (II) PANI-1 mM Fe(CN)6,
(III) PANI-0.5 mM Fe(CN)6, (IV) PANI-0.1 mM Fe(CN)6 and (V) PANI. Peak explanation c to j in Table 5.

the shoulder j’ could be due to the C-C stretching of the benzenoid ring [1605 cm-1].108
Introducing a higher concentration of Fe(CN)6 to the polymerization process results in an
increase of intensity of peak g (1370 cm-1) compared to peak f (1320 cm-1). This peak is
assigned to either localized or delocalized polarons and an increase in this peak ratio shows
an increase in the overall polarons, which shows that more polymer is in the ES-state. As
mentioned in last paragraph, the addition of transition metal complexes induces an increase in
PANI-ES and a resulting increase in polaron concentration.

3.1.4. Effect of Concentration of Fe(CN)6 on PANI
To study the effect of ferricyanide anions in PANI more thoroughly and to understand
the changes in behavior between ferricyanide-doped and un-doped PANI, different
concentrations of ferricyanide were added to the polymerization solution. The range of
concentrations added are 0.1 mM, 0.5 mM, 1 mM and the already studied 2.5 mM
ferricyanide. All films were deposited on gold QCM crystals, as described in Section 3.3.2.
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Figure 42 shows the CV deposition of PANI (a) and PANI with different amounts of
ferricyanide: b) 0.1 mM, c) 0.5 mM, d) 1.0 mM and e) 2.5 mM ferricyanide. All depositions
were scanned until ~6000 Hz (8000 ng) was reached, as can be seen in 3.4.1. The number of
scans to reach 8000 ng mass is clearly different for 2.5 mM PANI-Fe(CN)6, compared to the
other concentrations. A general trend can be seen where the more ferricyanide added, the less

Figure 42: CV deposition of PANI (slightly lower because of only scanned until 5000 Hz change) and PANI
doped with different concentrations of Fe(CN)6. a) PANI (green), b) PANI-0.1 mM Fe(CN)6 (light-yellow), c)
PANI-0.5 mM Fe(CN)6 (gold), d) PANI-1.0 mM Fe(CN)6 (light-brown) and e) PANI-2.5 mM Fe(CN)6 (darkbrown), inset showing enlarged CV. All figures were scanned until ~6000 Hz, which corresponds to ~8000 ng.
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scans are needed to reach the desired mass. Most clear is the addition of 2.5 mM ferricyanide,
which causes the mass of the deposition to reach 6000 Hz in only 10 scans, where PANI
needs 47 scans to reach a similar deposited mass.
Figure 43 shows the increase of mass during deposition versus time. Polymerization is
performed with 0.1 M aniline in 2 M HBF4, giving a polymerization of (a) PANI (green), (b)
PANI-0.1 M Fe(CN)6, (c) PANI-0.5 M Fe(CN)6 (yellow), d) PANI-1.0 M Fe(CN)6 (darkyellow) and e) PANI-2.5 M Fe(CN)6 (brown).

Figure 43: Mass versus time for PANI deposition CV on gold QCM crystal. 0.1 M aniline in 2 M HBF4 a) PANI
(green) and PANI with (+ x amount of Fe(CN)6for b,c,d,e): b) 0.1 mM (light-yellow), c) 0.5 mM (yellow), d) 1.0
mM (dark-yellow) and e) 2.5 mM (brown).

After deposition, the films were rinsed with HBF4 and films were cycled in
background electrolyte (Figure 44). For all films, the 2nd cycle is shown – this is the first
stable cycle. PANI and 0.1 mM ferricyanide doped PANI show a slight increase in mass after
cycling. Figure 44c shows a decrease in mass after scanning, while Figure 44d seems to keep
a similar mass. As seen earlier, the differences are mainly seen for the addition of 2.5 mM
ferricyanide, shown in Figure 44e. Over the entire cycle, the ferricyanide film lost ~200 ng of
mass, which is due to the ferricyanide leaving the film.
The effect of the cycling is smaller for 2.5 mM ferricyanide than for any other film,
due to the effect of ferricyanide on the PANI films. These films show differences with the
last scan of the deposition CV. This change in behavior is caused by change of the aniline
induced HBF4 by a new solution of HBF4 electrolyte. This new electrolyte removes the
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degradation products and makes PANI and PANI with low concentration (0.1 M / 0.5 M) of
Fe(CN)6 lose the peak in between the first and second oxidation. When the concentration of
Fe(CN)6 is increases the peak is still visible, however with a lower intensity.

Figure 44: -0.1 V to 0.85 V potential scan in HBF4 solution while 'live' measuring the frequency change with
QCM-measurements. The full line is the current (left axis) versus the potential. The dashed line is the mass
(right axis) versus the potential. Arrows show the direction of the mass change. a) PANI (green), b) PANI-0.1
mM KFe(CN)6 (light-yellow), c) PANI-0.5 mM Fe(CN)6 (gold), d) PANI-1.0 mM Fe(CN)6 (light-brown) and e)
PANI-2.5 mM Fe(CN)6 (dark-brown).
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3.1.5. Cation-exchange Behavior
To study the difference in mass change behavior of PANI deposited in the presence of
Fe(CN)6 and Ru(CN)6 more thoroughly and understand the changes in behavior, CV
measurements of PANI were taken in the presence of cations. These films were deposited on
Pt disc electrode at constant current. After deposition, which ends at approximately 0.7 V, the
film is assumed to be mostly in the ES state, or even PS state. After rinsing the electrodes and
placing in background electrolyte, 2 M HBF4 with or without added NaBF4, CVs were
acquired in the same potential range used above. To reach the initial potential of the CV
measurements, -0.1 V, the film must be reduced to the LS state, along with the reduction of
ferricyanide to ferrocyanide. The latter process is dominated by the expulsion of BF4- anions
from the film, similar as for the Fe(CN)6 and Ru(CN)6 films discussed in Figure 37. On the
other hand, the reduction from ES to LS is associated with the incorporation of Na+ when
present in the electrolyte, as is the case in Figure 45b. If the Na+ is not present in the
electrolyte solution, charge compensation of the PANI-Fe(CN)6 film is hindered. As a result,
the anodic current associated with the oxidation from LS state to ES state is attenuated. This
attenuation can be seen in Figure 45a and b, by comparing the first oxidation peak current of
PANI and PANI-Fe(CN)6: in the absence of Na+, the PANI film has a significantly higher
peak current, while the addition of 1 M Na+ increases the peak current for PANI-Fe(CN)6
relative to the PANI film. A higher peak current is associated with a higher electroactivity of
the film due to the availability of Na+ in the electrolyte. On the other hand, when cycling in 2
M HBF4, charge compensation is only possible by anion insertion, which is presumed to be
hindered in the case of PANI-Fe(CN)6.

Figure 45: Constant current deposited PANI (green) and PANI-Fe(CN)6 (orange) on Pt-disk electrode, scanned
in 2 M HBF4 (a) and 2 M HBF4 + 1 M NaBF4 (b) background solution, with I and II showing the difference in
peak current.
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The stability of the transition metal complex in the film is crucial for the change in
electrochemical behavior. PANI-Fe(CN)6 maintains the polymer activity as it is scanned in
background electrolyte. Figure 46 shows stable electrochemical behavior of the PANIFe(CN)6 film, while less mass is lost, indicating that loss of ferricyanide is limited to the first
few scans, after which the film stabilizes and, most importantly, the unique mass exchange
behavior of these films is not lost. After scanning more cycles at higher scan rates, the
stabilization of the mass change continues to improve.

Figure 46: In-situ eQCM measurement of PANI-Fe(CN)6 showing the loss of Fe(CN)6 during the initial CV
scans without loss of the inversed mass transport behavior. The potential was scanned from -0.1 – 0.85 V in 2 M
HBF4. The full line is the current (left axis) versus the potential. The dashed line is the mass (right axis) versus
the potential. Arrows show the direction of the mass change.

The PANI-Ru(CN)6 film is not as stable. Figure 47 shows the 50th scan of PANIRu(CN)6, after changing the electrolyte solution when the polymer was in a fully reduced
state. This drastically alters the QCM behavior, from earlier reported change in mass shown
in Figure 38, making the new mass change look like the mass change of a PANI film, also
shown in Figure 38. This implies that either the film has lost the transition metal complex
over time, or has lost the ability of the transition metal to induce an effect by a cation based
charge compensation.
The data presented clearly suggest an alternative charge compensation mechanism
when the film is polymerized in the presence of Fe(CN)6 and Ru(CN)6. Our proposed model
is shown in Figure 48. Three regions are outlined: the first region is the change from the LS
state to the ES state of the polymer, the second region shows the oxidation of ferrocyanide
into ferricyanide (while the polymer is in the ES state), and the third region shows the change
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Figure 47: In-situ eQCM measurement of PANI-Ru(CN)6 showing a change in increase/decrease of mass after
changing the background electrolyte solution in a fully reduced state. Potential was scanned from -0.1 to 0.85 V
in 2 M HBF4 solution. The full line is the current (left axis) versus the potential. The dashed line is the mass
(right axis) versus the potential. Arrows show the direction of the mass change.

from the ES state to the PS state. In the first region, the mass decreases due to expulsion of
cations of the ferrocyanide complex, which is present in the film. This allows the negatively
charged complex to act as an anion and compensate the positive charges formed in the film.
While we cannot rule out that the cyanides are being protonated, instead of cation ingress, the
large mass change involved suggests that this cannot be the main contribution. In the second
region, after formation of the ES, the mass briefly stabilizes until the oxidation of
ferrocyanide into ferricyanide, which necessitates further loss of cations to maintain charge
neutrality in the film. The mass then increases slightly at potentials greater than ~0.7 V,
coinciding with the formation of the PS state of the polymer. This increase suggests the
insertion of BF4- anions, the only anion able to move into the film and maintain charge
neutrality of the fully oxidized polymer. Interestingly, on the reverse scan, the mass changes
are not simply a reversal of those observed in the forward scan. Indeed, instead of gaining
mass as the complex is reduced and the polymer is reduced back to the LS state, the mass
decreases, as it did when scanning in the forward direction in this region. Region 2’, before
the reduction of ferricyanide to ferrocyanide, shows a decrease in mass corresponding to the
loss of the BF4- anions gained in step 3 and 3’. After the reduction of the transition metal
complex, more mass is lost. This mass loss may be due to expulsion of additional BF4- anions
and due to expulsion of (negatively charged) transition metal complexes. The stabilization
and ability of ferricyanide to stay in the film has been discussed previously and can be found
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Figure 48: In-situ eQCM measurement of PANI-Fe(CN)6 during CV showing suggested explanation of charge
compensating behavior. The potential was scanned from -0.1 to 0.85 V in 2 M HBF4. The dashed line is the mass
(right axis) versus the potential. Arrows show the direction of the mass change. Colors indicate the state of the
film and show the different regions of mass change.

in Figure 46. During the transition of ES back to LS in region 1’, the mass drastically
increases due to the insertion of cations for charge compensation. Overall, there was a net
mass decrease by 172 ng during the entire cycle, due to the loss of ferricyanide from the film.
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This net loss corresponds to loss of mass observed in region 2’ when the ferricyanide is
reduced to ferrocyanide. After multiple cycles, this mass loss stabilizes, as mentioned
already, and the decrease observed in region 2’ becomes negligible.

3.1.6. Effect of electrochemical technique on polymer growth and conductivity
The effect of different electrochemical polymerization techniques was studied by
comparing the CV measurements of the prepared films in background 2 M HBF4 solution
after deposition. Figure 49 shows the CV of PANI deposited with constant current (red) and
by CV (blue) techniques. Constant current deposited PANI shows in increase for the peak at
~0.5 V (vs. Ag/AgCl), which is due to degradation product and the presence of Fe(CN)6 in
the film. This increased activity suggests that by using constant current deposition, more
Fe(CN)6 is trapped in the film. Presumably, this is due to the constant application of positive
potential during the chronopotentiometric deposition. During the CV deposition, the
negatively charged ferricyanide incorporated during the forward scan into the positively
charged film, but during the reverse scan, some of the ferricyanide can escape as the film is
reduced and counterions are expelled.

Figure 49: CV measurements in 2 M HBF4 after constant current (red) and CV (blue) deposition on gold QCMelectrode.

Figure 49 also shows a positive shift in the redox waves for the film grown at constant
current. The 1st oxidation peak is at 0.168 V and 0.268 V for CV and constant current
deposition, respectively. This suggests that it is more difficult to form polarons in the film,
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possibly due to a more condensed molecular packing resulting from the constant current
deposition. The repeated cycling and associated ingress/egress of the counterions during CV
deposition creates more porous films. The oxidation and reduction peaks are also broader for
the films deposited at constant current. This change in behavior can be explained by the
excessive presence of Fe(CN)6 in the constant current deposited PANI, which induces a
delayed and prolonged oxidation from LS to ES. These features suggest, again, that the
Fe(CN)6 interferes with the process of anions moving in as counterions, as discussed in the
previous section.

3.1.7. Towards conducting polymers in neutral conditions
Addition of transition metal complexes can induce coordination of these complexes to
the positive charge on the nitrogen when the polymer is in the ES-state. Janata et al. studied
this effect for RuCl3, as already discussed.84 This coordination can induce several effects,
including the possibility of increasing the conductivity of PANI in neutral pH conditions.
Films deposited at constant current (Figure 7) are found to incorporate more Fe(CN) 6
and retain it longer in background electrolyte, for the reasons discussed in the previous
section. For either deposition technique, after rinsing by washing the polymer ten times with
a 1 M KCl solution, the PANI-Fe(CN)6 displays an increased electrochemical activity at
higher pH. Figure 50 shows the CVs of PANI and PANI-Fe(CN)6 cycled in 1 M KCl after
rinsing.

Figure 50: PANI (green) and PANI-Fe(CN)6 (yellow) after similar deposition and rinsing on Pt-disk electrode.
Scanned in background 1 M KCl electrolyte solution.
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To check this feature and the ability of Fe(CN)6 to increase the conductivity of
polymers in neutral conditions, the films were run in a series of electrolytes buffered at
different pH values. Figure 51 shows these buffered series (citric acid/sodium hydroxide) for
both (a) PANI and (b) PANI- Fe(CN)6. These two measurements show almost identical
behavior, showing that the addition of Fe(CN)6 does not induce an increased conductivity in
buffered solutions.

Figure 51: BAS-electrode electrolyte scanning for changing pH series. a) PANI films were polymerized by
constant current deposition in 2 M HBF4: 2200 s PANI (0.1 M), b) PANI-Fe(CN)6 films were polymerized by
constant current deposition in 2 M HBF4: 800 s primer PANI (0.1 M) primer layer, 1400 s PANI-Fe(CN)6 (2.5
mM). Buffered series by 0.1 M citric acid in 1M KCl, increase in pH by addition of 2 M sodium hydroxide. All
scans are measured versus Ag/AgCl reference electrode. pH series: a) 12.01, b) 5.51, c) 4.80, d) 4.38, e) 3.85, f)
3.33, g) 2.80, h) 2.32, i) 1.88.

Comparing Figure 51a and b by taking the maximum reduction potential and current
of peaks a to i in Figure 52 and plotting them versus the pH shows even more similarities
between the two films. The slightly larger current of the reduction peak for PANI compared
to Fe(CN)6 doped PANI is the only visible difference, however not significant.

Figure 52: Maximum reduction- potential and peak for graphs shown in Figure 51. Dashed line corresponds to
the maximum current for the reduction peak and the solid line corresponds to the potential of the peak.
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We propose that the PANI-Fe(CN)6 films are self-buffered by the Fe(CN)6 (which is
protonated in the acidic deposition solution). When run in non-buffered aqueous solution,
these films can retain a high degree of protonation in the film. However, addition of an
external buffer, i.e. a buffered electrolyte, causes the films to lose protons and conductivity.
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3.2. Conclusion
In this work, PANI films were successfully polymerized in the presence of several
transition metal complexes: Fe(CN)6, Ru(CN)6, RuCl3 and FeCl3. The effect of the different
transition metal complexes on the polymerization and properties of the resulting PANI films
were measured with CV, eQCM, FT-Raman, and UV-Vis techniques. Addition of Fe(CN)6
and Ru(CN)6 to the PANI deposition solution induced an enhanced rate of film growth.
Addition of RuCl3 and FeCl3 did not result in any measurable effect on the polymerization
process. Studies on the Fe(CN)6 concentration dependence showed that a minimum
concentration is necessary to induce an effect on the polymerization process. Raman
measurements confirmed the presence of Fe(CN)6 and Ru(CN)6 in the deposited films and
provided some indication of structural differences between these films and the film without
added transition metal complexes. These changes are presumably due to the interaction of the
metal complex and the films, and the resulting changes in the film morphology. UV-Vis
measurements also confirmed the presence of polarons in the polymer films.
A difference in mass change was found during CV and in situ eQCM measurements
in background electrolyte solution for PANI deposited in the presence of Fe(CN) 6 and
Ru(CN)6 compared to the other films. Suggested explanation of this behavior is the ability of
Fe(CN)6 and Ru(CN)6 to induce cation based charge compensating behavior.
A natural extension of this work is to test the behavior and changes in structure of
these films by taking Raman measurements while cycling through a potential. Also, the
synthesis of K3[Fe(CN)5Aniline] could give more insight into the effects of a covalently
bounded ferricyanide in the polymer film. By analyzing these properties, we could finally
obtain the knowledge of understanding the exact advantages of the addition of transition
metal complexes to the polymerization process. This knowledge could help in finding a
relationship between the added transition metal complex and possible enhanced
electrochemical behavior.
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3.3. Experimental
3.3.1. Chemicals
Aniline (Aldrich, 99.5+%, 24-228-4), tetrafluoroboric acid (Aldrich, 44% weight
solution in water, 20-793-4) iron(III) chloride hexahydrate (Alfa Aesar, 97%, 10025-77-4),
sodium chloride (Aldrich, 99.5+%, 7647-14-5), potassium hexacyanoferrate(III) (Aldrich
99.95+%, 232-722-2), ruthenium(III) chloride hydrate (Aldrich, 99.98+%, 233-167-5),
hexaamineruthenium(III) chloride (Aldrich, 98+%, 238-176-8), sulfuric acid (Pharmco-aaper,
99.999+%, 231-639-5) and hydrogen peroxide (BDH chemicals, 35% weight solution in
water 358-719-1) were all used as received.

3.3.2. Preparation of PANI-transition metal solutions
Aniline (91.3 μL, 0.1 M) and HBF4 (10 mL, 2M) were mixed and the solution was
brought in contact with the reference, counter and working electrode before starting the
experiment. To this solution, transition metal complexes were added to the beginning solution
in the following concentrations: potassium ferricyanide (0.0082 g, 2.5 mM) resulted in a dark
yellow suspension, iron(III) chloride (0.0068 g, 2.5 mM) resulted in a light yellow
suspension, ruthenium(III) chloride hydrate (0.0052 g. 2.5 mM) resulted in a red suspension,
potassium hexacyanoruthenate(II) (0.0108 g, 2.5 mM) resulted in a dark purple suspension
potassium ferricyanide (0.0003 g, 0.1 mM) resulted in a light yellow solution, potassium
ferricyanide (0.00164 g, 0.5 mM) resulted in a yellow suspension and potassium ferricyanide
(0.0033 g, 1.0 mM) resulted in a dark yellow suspension. Whenever the addition of transition
metals resulted in a suspension, the solution was sonicated until a solution was obtained.

3.3.3. Electrochemical experiments
CV measurements were performed on a Pine Wavenow potentiostat dual bundle,
Versastat 4 (Princeton applied research) or a CHI400 (CH instruments). QCM measurements
were performed on CHI400 with 400C series time-resolved EQCM oscillator (both CH
instruments). The potential of the working electrode was measured vs. (Ag/AgCl). Table 6
shows the experimental settings used for all measurements described and Table 7 shows the
parameters for constant current and constant potential deposition.
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Table 6: Parameters CV-deposition on gold QCM electrode.

Parameters

Value

Initial potential

-0.1 V

High potential

0.9 V

Low potential

-0.1 V

Final potential

-0.1 V

Initial scan polarity

Positive

Scan rate

50 mV/s

Sample interval

0.001 V

Quiet time

2 sec

Sensitivity

1e-003

Table 7: Constant current and constant potential deposition parameters

PANI and PANI-Fe(CN)6
Constant current

2200 s, 0.00504 mA, 0.4 M aniline, (2.5 mM Fe(CN)6)

Constant potential

0.8 V, 7.06 mC, 0.4 M aniline, (2.5 mM Fe(CN)6)

3.3.4. Spectroscopic apparatus and conditions
Raman measurements were recorded on a Thermo imaging spectrometer using a nearIR laser: 1064 nm (Electron corporation) using an neodymium-doped yttrium aluminum
garnet (Nd:YAG) crystal. IR measurements were recorded on a Spectrum 100 spectrometer
(Perkin Elmer). UV-Vis measurements were recorded on a Cary Varian spectrophotometer
(5000). Atomic absorption measurements were performed on an AA-6650 Atomic
Absorption spectrometer (Shimadzu). QCM crystals were obtained from CH instruments. The
Au-QCM crystals were AT-cut and have a 7.995 MHz fundamental frequency. Settings of
Raman measurements for the different added transition metal complexes are shown in the
state of the film. Settings used for different polymerized films are shown in Table 9.
Table 8: Raman settings for Raman measurements to show presence of Fe(CN)6 and Ru(CN)6 in PANI films.

Species

Settings

PANI-Fe(CN)6

0.102W, 32 gain, 500 scans

PANI-Ru(CN)6

0.102W, 64 gain, 500 scans

K4Ru(CN)6 powder

0.102 W, 32 gain, 500 scans

K3 Fe(CN)6 powder

0.102 W, 32 gain, 500 scans
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Table 9: Raman settings for Raman measurements to show differences between the incorporation of Fe(CN)6,
Ru(CN)6, RuCl3 and FeCl3 in PANI films.

Species

Settings

PANI

0.402 W, 32 gain, 500 scans

PANI-Fe(CN)6

0.402 W, 32 gain, 200 scans

PANI-FeCl3

0.102 W, 32 gain, scans*

PANI-Ru(CN)6

0.202 W, 64 gain, 500 scans

PANI-RuCl3

0.402 W, 32 gain, 500 scans

K4Ru(CN)6 powder

0.102 W, 32 gain, 500 scans

K3 Fe(CN)6 powder

0.102 W, 32 gain, 500 scans

* Sample heating made the measurement stop earlier.
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3.4. Appendix
3.4.1. Conversion of frequency to mass
Using the Sauerbrey equation has limitations; the maximum change in mass should
stay within 2% (12). When the change in frequency exceeds this value, the viscosity effect of
the deposited film affects the change in frequency and must be considered, this limitation is
calculated using (12). In this equation, Δf is the change in frequency and fi is the initial
frequency of the crystal. The initial frequency for the crystals used is 7.995 MHz. 110
𝛥𝑓
< 2%
𝑓𝑖

(12)

In this work, the largest mass deposited on a QCM-crystal will be the CV deposition
of PANI-Fe(CN)6. The change in frequency for this measurement is ~13000 Hz. Equation
(13) shows that this factor is not a limitation towards the use of the Sauerbrey equation.
13000
∙ 100 % = 0.163 %
7.995 ∙ 106

(13)

Another limitation of the Sauerbrey equation is the viscosity effect of the film and
liquid medium loading on the electrode surface. The Sauerbrey equation can only be applied
when the film behaves as a rigid solid. Since PANI is not a rigid solid, the effect must stay
within limitations shown in Equation (14). The viscosity effect stays within margin when the
absolute value of the experimentally obtained change in resonant frequency (Δf0) divided by
the experimentally obtained motional resistance of the crystal (ΔR1) is much larger than the
theoretical value.
𝛥𝑓0
𝛥𝑓0
|
|<|
|
𝛥𝑅1
𝛥𝑅𝑚

(14)

The theoretical value of the motional resistance (Rm) of a gold QCM crystal in liquid
conditions are around 375 Ω.111 The maximum value of ΔR1 of all experiments in this work is
reached during the deposition of PANI-Fe(CN)6 and is -10 Ω. With this data, the theoretical
value is around 38 times larger than the experimental value and therefore validates the use of
the Sauerbrey equation.
Within these limitations, the Sauerbrey equation can be used for all frequency to mass
conversions. To find the factor of conversion for the frequency towards the mass, the
Sauerbrey equation needs to be applied to the system used. The properties of the Sauerbrey
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equation have been explained in chapter 1.5.1. Equation (15) shows the initial Sauerbrey
equation and the values for the setup used in this work.
𝛥𝑓 = −

2𝑓02
2 ∙ (7.995 ∙ 106 )2
𝛥𝑚 = −
𝛥𝑚
𝐴√𝜌𝑞 𝜇𝑞
0.196√2.684 ∙ 2.947 ∙ 1011
(15)

𝐻𝑧
= −7.33 ∙ 10 𝛥𝑚
𝑔
8

The gold AT-cut crystals used in this work have a resonance frequency (f0) of 7.995
MHz, the piezo electrically active area (A) is 0.196 cm2, density of quartz (ρq) is 2.684 g/cm3
and the shear modulus of a quartz AT-cut crystal (μq) is 2.947 ∙ 1011 g/cm ∙ s2. These factors
combined give a constant for the crystal. Equation (15) shows this calculation resulting in a
constant, called the sensitivity factor of the crystal (Cf): 7.33 ∙ 108

𝐻𝑧
𝑔

𝜟𝒎. To calculate the

change in mass per change of one hertz, Equation (16) is used.
𝛥𝑚
1
𝑔
𝑛𝑔
=−
= −1.3636 ∙ 10−9
= −1.36
8
𝛥𝑓
7.33 ∙ 10
𝐻𝑧
𝐻𝑧

(16)

In other words, (16) shows that a change of 1 Hz corresponds with a mass change of 1.36 ng. The frequency of a QCM-crystal decreases while depositing, which corresponds to
an increase in mass. For the conversion of frequency to mass in this work, the factor of -1.34
ng will be used, since this is the given factor by the manufacturer of the crystals. 110

3.4.2. Resistivity measurements
The resistivity of PANI and PANI-Fe(CN)6 was measured using an interdigitated
electrode array (Figure 53). This gold electrode on quartz glass contains a small gap between
the ‘fingers’ of the electrodes. This makes it possible for polymers to grow over this gap. The
width (L) is 1 mm, the finger (W) is 20 μm and the gap (S) is 10 μm.

Figure 53: Interdigitated electrode array.109

Constant current and constant potential measurements were performed to polymerize
aniline chains that form continuous films over the gaps of the electrodes. After deposition, the
films were cycled in solutions containing KCl, KCl and DI-water, KCl with 1 drop of PBS
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buffer, a pH 6.3-buffered solution. All films were dried under N2-gas and were stored for 24
h before measuring the resistivity.

Figure 54: Polymer growth on interdigitated electrode array.

Figure 54 shows the electrode after polymerization. With a high impedance
multimeter, the resistance through the polymer was measured. Table 10 shows the resistivity
for both films exposed to different conditions. After deposition, all films are highly
conducting with a very low resistivity. Cycling the films in a 1 M KCl solution causes a slight
decrease in conductivity for the constant current deposited polymers. After cycling in a KClbuffer solution a clear difference is found between both films for both polymerization
methods. Constant current polymerized PANI shows a resistivity of value 3.1 ∙ 10 6 Ω, which
corresponds to a non-conducting film, where PANI-Fe(CN)6 shows an intermediate
conductivity of 1.0 ∙ 103 Ω. Constant potential polymerization shows an even larger change
between the two polymers: PANI shows a value of 5.44 ∙ 105 Ω, which is a non-conducting
value and PANI-Fe(CN)6 shows a conducting value of 52 Ω. Cycling the films in a pH 6.3buffered solution shows an increase of resistivity for the constant potential deposited films.
The constant current deposited films show a decrease in resistivity, which is not seen in CV
data and is therefore most likely due to increased wetness of the film and should be ignored.
The data shows an increased conductivity of the PANI-Fe(CN)6 films over just PANI
films for both polymerization methods. When both films are repeatedly cycled in a buffered
solution, there are almost no differences between the films is. However, when the films are
treated with a similar lower concentration of solutions around the neutral pH range, the
PANI-Fe(CN)6 films tend to maintain their conductive behavior better than just PANI films.
A possible explanation for this feature is, again, the incorporation of Fe(CN) 6 into the film
during polymerization. The presence of Fe(CN)6 induces an increased electro-activity of the
polymer and slows down the decrease in conductivity when the ES-polymer is exposed to a
change in conditions towards the non-conductive LS-polymer.
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Table 10: Resistivity measurements, all values are in Ω ∙ m.

PANI

PANI-Fe(CN)6

After deposition

23

20

KCl

315

200

KCl + buffer

3.1 ∙ 106

1.0 ∙ 103

pH 6.3

800

252

After deposition

26

33

KCl

36

30

KCl + buffer

5.44 ∙ 105

52

pH 6.3

4.2 ∙ 107

1.50 ∙ 105

Constant current ↓

Constant potential ↓

3.4.3. Atomic absorption
Two PANI-Fe(CN)6 film were dissolved in 0.5 ml sat. 15.6 M nitric acid solution
(70% HNO3-) and diluted with 7.8 ml DI-water. A slightly colored solution of approximately
1 M HNO3- was obtained. Both films were deposited on platinum plates by a two-step
constant current deposition. Both films were filtered through a 2.2-micron filter before
inserted into the machine: (1) 1 M aniline in 2 M HBF4 (800 s) and (2) 1 M aniline + 2.5 mM
Fe(CN)6 in 2 M HBF4 (1400 s).
Table 11: AA values of 2.5 mM Fe(CN)6 doped PANI films. Iron atomic absorption calibration curve at R2 =
0.9995*

Sample

Iron concentration (ppm)

Blank

-0.0006

2.5 mM Fe(CN)6 film (1)

0.0095

2.5 mM Fe(CN)6 film (2)

0.0066

*Calibration curve was obtained by making a 1000 ppm Fe(CN)6 solution by adding 189.4
mg Fe(CN)6 to 50 ml of 0.1 M Nitric acid and making a dilution series. The points were
plotted giving a R2 of 0.9995.

3.4.4. UV-Vis
To see if there is a correlation between the change in concentration of Fe(CN)6 and
the degradation product left in the solution, the UV-Vis measurements were taken from the
electrolyte solution. This is the solution that was used for the deposition measurements of
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PANI and PANI-Fe(CN)6 (several concentrations). Chapter 3.1.4 shows the decrease of
Fe(CN)6 concentration (I to IV), showing a decrease in peak height for a, b, c and d. Peak a, b
and c are the decrease of ferricyanide in the solution, which was visible by a change in color
from orange to transparent. Peak d is the Prussian blue formation due to clustering of iron
with ferricyanide groups.112

Figure 55: UV-Vis measurements for PANI (IV) and PANI with x Fe(CN)6 (x = 0.1 mM (III), x = 1 mM (II), x =
2.5 mM (I) background solution after deposition. All films were deposited with CV deposition until 6000 Hz was
reached. Peaks a,b,c are due to the increase in ferricyanide in the solution, Peak d is due to Prussian blue
formation.113-114

3.4.5. Synthesis of Pentacyano(aniline)ferrate(III)
To study the effect of aniline on ferricyanide, pentacyano(aniline)ferrate(III)
(Na3[Fe(CN)5(Aniline)]) was synthesized. NMR showed evidence for the existence of the
compound. However, because of low stability, isolation of the compound could not be
achieved. By changing some variables of recrystallization, this synthesis might be achieved
and would be a very interesting tool in further research towards increased electro-activity of
PANI. The synthesis of K3[Fe(CN)5Aniline] was performed through a two-step reaction
mechanism.

Scheme 8: Reaction towards Pentacyano(aniline)ferrate(III).
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This synthesis has not been described extensively in literature; however similar
complexes have been studied for metal to ligand interactions. 115-120 The first step in this
synthesis is the formation of Na3[Fe(CN)5NH3].
Na3[Fe(CN)5NO] (15 grams, 0.0536 mol) was dissolved in 0 °C NH4OH (80 ml, 28
percent) containing anhydrous sodium acetate (5 g, 0.061 mol) and stirred overnight. After
overnight reaction, EtOH (30 ml) was added and the solution was filtered, which resulted in a
yellow solid. The yellow solid was recrystallized using water and EtOH. FT-IR, 1H-NMR and
13

C-NMR confirmed successful synthesis of Na3[Fe(CN)5NH3]. No yield was obtained, since

the reaction was used as a proof of concept. 1H NMR (500 MHz, 293 K, DMSO): δ = 0.7 (s,
2H), 13C NMR (500 MHz, 293 K, D2O): δ = 164 (CΞN). FT-IR: (wavelength cm-1): Ironcarbon stretches (2010 & 2035), N-H bending/stretches (1620, 1645 / 1255, 2975, 3290,
3380, 3495 & 3555).
Second step in this synthesis is the formation of Na3[Fe(CN)5Aniline].
Na3[Fe(CN)5NH3] (2 g, 0.008mol) was dissolved in 0 °C H2O (3 ml) resulting in a
yellow/orange colored solution. Aniline (3.7 ml, 0.04 mol) was added which resulted in a
green solution. After stirring overnight, EtOH (10 ml) was added and green solids were
obtained by filtration. Solids were dried for three days over CaCl2. UV-Vis, 1H-NMR and
13

C-NMR confirmed partial successful synthesis of Na3[Fe(CN)5Aniline]. No yield was

obtained, since the reaction was used as a proof of concept. UV-Vis shows an increase
around λ = 700 nm, due to the formation of Prussian blue. 1H NMR (500 MHz, 293 K,
DMSO-D6): δ = 7.0 (t, J = 7.6, 2H, H2, H4), δ = 5.55 (d, J = 7.8, 2H, H1, H5), (t, J = 7.4, 1H,
H3), δ = 0.7 (s, ½H) (leftover NH3). 13C NMR (500 MHz, 293 K, DMSO-D6): δ = 164
(CΞN), δ = 149 (C6), δ = 129 (C2, C4), δ = 116 (C3), δ = 114 (C1, C5). UV-Vis: increase of
signal for λ = 650-750 nm and λ = 400 nm compared to Na3[Fe(CN)5NH3].
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